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ABSTRACT 


A  DC  Zonal  Electrical  Distribution  System  (DC  ZEDS)  is  a  strong  candidate  for 
the  next  generation  surface  combatant,  DD-21.  In  order  to  equip  DD-21  with  DC  ZEDS, 
preparative  research  includes  the  design  of  a  low-power  prototype  Integrated  Power 
System  (IPS).  This  thesis  examines  the  design  and  layout  of  one  element  of  the  IPS,  a 
500V/400V,  8kW,  20kHz  dc-dc  converter.  The  main  thrust  of  the  study  is  the 
documentation  of  product  construction,  design,  and  ancillary  issues.  Since  the  converter 
will  be  integrated  into  a  testbed,  it  must  be  rugged,  transportable,  flexible,  and  provide 
convenient  interconnection  and  monitoring.  MATLAB  and  dSPACE  models  and  circuit 
prototypes  are  implemented  to  validate  subsystem  designs  and  operation.  Unit  validation 
studies  are  conducted  to  assess  performance  of  the  power- section,  controls,  protection, 
and  interfaces. 
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EXECUTIVE  SUMMARY 


A  500V/400V,  8kW,  20kHz  dc-dc  converter  has  been  developed  in  order  to 
support  ongoing  research  in  Integrated  Power  Systems  (IPS)  and  DC  Zonal  Electrical 
Distribution  Systems  (DC  ZEDS).  The  Energy  Sources  Analysis  Consortium  (ESAC), 
consisting  of  researchers  at  the  Naval  Postgraduate  School-Monterey,  Purdue  University, 
the  University  of  Missouri  at  Rolla,  the  University  of  Wisconsin-Milwaukee,  and  the  U.S. 
Naval  Academy,  have  teamed  to  develop  new  technologies  and  use  Commercial-Off- The 
Shelf  (COTS)  Technologies  to  support  the  development  of  prototype  reduced-scale 
electric  power  distribution  and  propulsion  systems  for  the  next  generation  surface 
combatant,  DD-21.  The  purpose  of  this  thesis  is  to  document  the  design  and  fabrication 
of  one  such  prototype  component:  the  Ship  Service  Converter  Module  (SSCM). 

The  SSCM  consists  of  the  following  sub- sections/stages:  input  filter  section, 
power  section,  IGBT  driver  board,  main  control  stage  (consisting  of  protection,  start-up, 
buffering,  Pulse- Width  Modulation  (PWM),  and  control  circuitry),  cooling  and 
temperature  control  stage,  power  supply  stage,  and  finally  a  user  interface  front  panel. 

The  main  control  stage  contains  a  user  select  switch  that  provides  the  user  with  the 
following  three  options:  (1)  multi-loop  control  (the  internal  controller  and  PWM 
circuitry  are  utilized)  where  an  external  potentiometer  allows  the  user  to  program  the 
desired  output  voltage,  (2)  internal  controller  bypass  (user  inputs  desired  duty  cycle  and 
utilizes  the  internal  PWM  circuitry),  and  (3)  internal  controller  and  PWM  circuitry 
bypass  (user  supplies  external  signal  to  gate  the  IGBT). 

Design  initiated  with  the  selection  of  components  for  the  SSCM  that  would  meet 
or  exceed  the  parameters  specified  by  ESAC  (Pout  =  8kW,  switching  frequency  =  20kHz, 
Vin  =  500V/16A,  Rioad  =  20G-200G.  and  Vout  =  400V/20A  at  duty  cycle  0.8).  In  addition 
to  component  selection,  the  electrical  cabinet  that  houses  the  SSCM  electronics  was 
manufactured  to  be  rugged,  transportable,  and  provide  accessible  interconnections  for 
both  testing  and  monitoring.  LED  indicators  were  placed  on  the  front  panel  to  warn  the 
user  of  an  SSCM  fault  condition  (i.e.  over-current  time  out,  21.82A,  and  over 


temperature,  70°C).  Once  the  fault  is  cleared,  reset  pushbuttons  on  the  front  panel 
accommodate  re-initiating  operation. 

The  design  equations  for  the  dc-dc  (buck)  converter  are  well  understood  and  were 
referenced  to  establish  initial  component  design  values.  In  order  to  ensure  that  the  power 
section  inductor  maintains  continuous  current  flow  throughout  the  admissible  load  range, 
changes  in  permeability  must  be  considered  during  design.  For  example,  inductor 
permeability  was  found  to  change  as  much  as  50%  between  full  load  (20£2)  and  minimum 
load  (200£2).  Applying  the  design  equations,  input  filter  and  power  section  inductances 
are  determined  to  be  0.4mH  (0.357mH  measured)  and  ImH  (0.99mH  measured), 
respectively.  Another  example  of  component  selection  is  circuit  capacitance. 

Preliminary  power  section  capacitance  was  determined  by  using  the  steady- state  ripple 
constraint  (12.5|lF)  and  then  was  refined  by  using  SIMULINK  and  MATLAB.  Through 
simulation,  it  was  determined  that  the  circuit  capacitance  required  to  achieve  a  fast 
transient  response  (bandwidth  of  ~  5 00 Hz),  while  not  introducing  duty  cycle  chattering, 
was  500pF.  The  input  filter  was  designed  to  pass  360Hz  and  block  20kHz  (switching 
frequency).  The  implemented  filter  achieved  a  3dB  frequency  of  450Hz. 

The  dc-dc  converter  must  provide  stable  and  dependable  voltage  regulation.  To 
achieve  the  aforementioned,  a  control  circuit  was  designed.  This  project  utilized  a  multi¬ 
loop  closed-loop  control,  which  makes  use  of  the  measured  output  voltage,  output 
current,  and  inductor  current  to  regulate  the  output  voltage.  Voltage  (Vout)  and  current  (iL 
and  iout)  sensing  circuits  were  designed  to  provide  input  to  the  control  circuitry.  To  verify 
stability  (gain  margin  and  phase  margin),  MATLAB  code  was  written  and  Bode  plots 
were  generated.  Further,  the  control  circuit  was  placed  on  a  breadboard  and  interfaced 
with  dSPACE  (hardware-in-the-loop)  to  prove  stable  operations  were  maintained 
throughout  the  entire  load  range.  The  duty  cycle  derived  from  the  control  circuitry  is  fed 
into  the  Pulse-Width  Modulation  (PWM)  chip  where  the  desired  20kHz  switching 
frequency  (20.4kHz  measured)  signal  is  produced  to  gate  the  IGBT. 


This  project  also  focused  on  the  development  of  detailed  schematic  layouts  and 
component  part  lists  to  assist  in  the  fabrication  of  additional  units  at  a  later  date  by  other 
ESAC  contributors.  PSPICE,  SIMULINK,  and  Easytrax  version  2.06  software  packages 
were  used  to  generate  all  schematics  within  this  thesis.  Component  lead-time  was  a 
major  factor  during  construction  where  parts  can  have  up  to  a  six-month  delay  time. 

Each  sub-circuit  (i.e.  control,  PWM,  protection  circuitry)  is  well  documented  and  can  be 
easily  reproduced.  Furthermore,  the  SSCM  was  designed  with  a  user  select  switch  thus 
providing  the  user  with  the  option  of  internal  or  external  control.  The  SSCM  is  designed 
to  provide  fault  detection.  Over-current  time-out  is  provided  should  the  inductor  current 
increase  beyond  21.82A  while  SSCM  over-temperature  is  provided  at  70°C.  Front  panel 
BNC  connections  are  provided  to  monitor  input  and  output  current,  input  and  output 
voltage,  and  duty  cycle.  Digital  pictures  were  taken  during  the  construction  phase  to 
further  assist  ESAC  Universities  in  SSCM  fabrication. 

Detailed  testing  of  the  SSCM  was  performed  in  the  lab  and  through  simulation 
(SIMULINK  and  MATLAB).  The  SSCM  was  tested  throughout  the  entire  load  range 
specified  by  ESAC  and  efficiency  testing  was  performed  on  the  unit.  A  detailed 
SIMULINK  model  was  constructed  to  simulate  the  transient  response  of  the  dc-dc 
converter  and  control  algorithm.  Laboratory  testing  revealed  that  SSCM  operation  was  in 
agreement  with  simulated  results.  The  SSCM  operated  at  98.7%  efficiency  at  full  load 
and  96.1%  at  minimum  load. 

This  research  documented  the  design  and  construction  of  an  8kW  dc-dc  converter. 
The  converter  will  be  placed  into  a  larger  testbed  for  a  small-scale  Integrated  Power 
System  (IPS)  to  be  assembled  by  ESAC.  This  SSCM  will  be  transported  to  Missouri  in 
order  to  support  the  fabrication  of  additional  units.  With  IPS  selected  for  DD-21,  it  is 
vital  for  research  to  continue  in  this  area.  Possible  areas  for  future  research  include:  soft 
switching  units  to  increase  efficiency,  enhanced  electrical  shielding  to  prevent  switching 
noise  interference,  fabrication  of  several  SSCMs  at  various  frequencies  and  power  levels 
to  compare  efficiencies,  and  detailed  use  of  dSPACE  as  a  design  tool.  DC-DC  converters 


are  an  integral  part  of  any  DC  distribution  system  and  the  Navy  must  continue  with 
research  in  this  area  to  ensure  successful  and  reliable  systems  are  delivered  to  the  fleet. 


I.  INTRODUCTION 


A.  POWER  DISTRIBUTION  FOR  NEXT  GENERATION  COMBATANT 

In  recent  years  with  the  collapse  of  the  Soviet  Union,  Department  of  Defense 
expenditures  have  been  scaled  back.  It  has  never  been  more  important  to  develop 
systems  that  are  cost  effective,  operationally  flexible,  and  require  fewer  personnel.  At  the 
present,  ac  power  distribution  systems  are  the  norm  on  U.S.  Navy  ships  and  many 
submarines;  however,  with  the  advent  of  new  power  electronic  devices,  research  is 
focusing  on  dc  power  distribution.  The  U.S.  Navy  is  actively  investigating  the 
implementation  of  a  DC  Zonal  Electric  Distribution  System  (DC  ZEDS),  versus  a 
conventional  ac  radial  or  ac  zonal  distribution  system,  as  a  component  of  an  Integrated 
Power  System  (IPS).  AC  zonal  and  DC  zonal  both  have  their  advantages  and 
disadvantages;  however,  it  will  be  shown  that  survivability  arguments  strongly  support  dc 
distribution  for  the  next  generation  warship. 

Researchers  at  the  U.S.  Naval  Postgraduate  School-Monterey,  Purdue  University, 
the  University  of  Missouri  at  Rolla,  the  University  of  Wisconsin-Milwaukee,  and  the  U.S. 
Naval  Academy  have  teamed  to  develop  new  technologies  and  use  commercial-off-the 
shelf  technologies  (COTS)  to  support  the  development  of  prototype  reduced-scale  electric 
power  distribution  and  propulsion  systems  for  the  next  generation  warship  and  submarine 
[1],  [12].  The  goal  of  this  thesis  is  to  document  the  design  and  fabrication  of  one  such 
prototype  component:  the  Ship  Service  Converter  Module  (SSCM). 

B.  ZONAE  VERSUS  RADIAU  DISTRIBUTION 

Many  of  today's  naval  combatants  employ  radial  distribution.  In  this 
arrangement,  typically  three  or  four  prime  movers  (gas  turbine,  steam  turbine  or  diesel 
engine)  drive  generators  that  are  connected  to  various  switchboards  co-located  in  the 
main  machinery  space.  From  the  switchboards,  450V,  60Hz,  three-phase  ac  is  distributed 
to  a  number  of  load  centers.  The  load  centers  in  turn  provide  power  to  vital  and  nonvital 


1 


loads  comprising  ship  service.  Throughout  the  ship,  transformers  step  450V  down  to 
115V  for  subsequent  use  at  various  ship  service  outlets.  Obvious  disadvantages  of  the 
radial  distribution  architecture  include: 

•  suboptimal  cable  runs  to  supply  alternate  power  to  vital  loads, 

•  weight  addition  from  cable  runs,  switch  gear,  and  transformers, 

•  a  multitude  of  bulkhead  penetrations  implying  that  watertight  integrity  and 
survivability  are  jeopardized. 

Zonal  distribution  employs  a  port  and  starboard  main  bus,  and  sections  the  ship 
into  several  electrical  zones  that  are  designed  within  watertight  bulkheads.  This  design 
has  the  architectural  advantage  of  accommodating  cable  installation  in  zones  as  the  ship 
is  constructed  as  illustrated  in  Figure  (1-1)  [2].  One  of  the  main  busses  is  located  above 
the  waterline,  while  the  other  main  bus  is  below  the  waterline.  This  placement  strategy 
maximizes  the  physical  distance  between  busses  and  ensures  maximum  survivability 
during  battle  damage  or  collision  [1], 


ZONALj  Electrical  Distribution  Systems 


Bus 

Transfer 


Bus  Duct 


PreOutfit 

via 

Priority  Routing 


Bridge 

Construction 

Breaks 


Starboard 
Load  Center 


Temporary 
Test  Power 


Enables  MODULAPNionstruction  &  TestingJ 


Figure  1-1,  Modular  Construction  (From  Ref.  [2]). 
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In  DC  ZEDS,  the  port  and  starboard  busses  connect  into  a  zone  via  load  centers 
(dc-dc  converters).  The  main  bus  dc  voltage  is  stepped  down  within  the  zone  and 
subsequently  converted  to  three-phase  ac  or  a  lower  level  dc  by  additional  converters 
within  each  zone.  Vital  loads,  such  as  combat  systems  and  navigation,  are  connected  to 
both  port  and  starboard  load  centers  via  an  automatic  bus  transfer  system  (ABT).  In  one 
approach,  if  one  bus  were  to  fail,  the  remaining  bus  will  supply  continuous  power  to  the 
load  via  an  auctioneering  process  termed  diode  steering.  Several  advantages  of  ZEDS 
include: 

•  weight  savings  from  reduced  cabling  as  listed  in  Table  (1-1)  and  Reference 

[1], 

•  no  radically  new  converter  architectures  are  required  (though  converter  power 
density  and  reliability  remain  research  issues), 

•  improved  producibilty, 

•  reduced  fire  loading, 

•  only  the  main  bus  passes  through  watertight  boundaries, 

•  modular  ship  fabrication, 

•  convenient  installation  and  testing  of  electrical  cable  as  zones  are  built. 

Figure  (1-2)  illustrates  the  comparison  between  radial  and  zonal  distribution  [2]  and 

Table  (1-1)  lists  estimated  weight  savings  [3,4].  With  the  removal  of  weight  as  indicated 
in  Table  (1-1),  additional  fuel,  weapon,  and  cargo  space  will  be  available  and  further 
freedom  in  the  design  stage  is  achieved.  Furthermore,  in  dc  distribution,  generator 
frequency  is  decoupled  from  the  distribution  requirements.  This  advantage  will  allow  the 
prime  mover/generator  to  be  operated  at  its  most  efficient  speed,  resulting  in  fuel  savings 
and  lowering  operational  cost  [4] . 
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Apparatus 

Removal 

(FT) 

Install 

(FT) 

Net  Change 

(FT) 

Foundations 

3.3 

4.3 

+1.0 

Power  Cables 

116.7 

79.8 

-36.9 

Switchgear 

20.8 

20.0 

-0.8 

Total 

140.8 

104.1 

-36.7 

Table  1-1.  Zonal  vs  Conventional  Architecture  Weight  Comparison  (From  Ref.  [3]). 

C.  MAJOR  COMPONENTS  OF  DC  ZEDS 


The  major  components  involved  in  the  DC  ZEDS  are  outlined  in  Reference  [1]  and 
illustrated  in  Figure  (1-3).  Further  component  investigation  is  presented  in  later  chapters. 
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Figure  1-3,  Portion  of  a  Representative  DC  Zonal  Architecture  and  IPS 


(From  Ref.  [2]). 

From  Figure  (1-3),  a  prime  mover  powers  an  ac  generator.  The  generator  output  is 
immediately  rectified  by  Power  Conversion  Module  four  (PCM -4),  one  located  on  each 
bus,  and  routed  to  the  port  and  starboard  busses.  Many  options  exist  for  this  type  of 
generator  and  several  are  listed  in  Reference  [1]. 

From  the  port  and  starboard  bus,  high-voltage  dc  is  routed  through  a  Ship  Service 
Converter  Module  (SSCM)  labeled  PCM-1  in  Figure  (1-3).  Illustrated  in  Figure  (1-4),  is 
an  SSCM  in  the  form  of  a  hard-switched  dc-dc  buck  chopper  that  steps  down  the  dc  bus 
voltage  and  offers  input  buffering  between  the  main  bus  and  the  loads  within  a  zone. 
SSCMs  must  be  capable  of  parallel  operation,  which  will  provide  redundancy  and  satisfy 
anticipated  zonal  power  requirements.  PCM-1  may  also  supply  additional  dc-dc 
converters  to  achieve  dc  voltage  levels  appropriate  for  loads  such  as  combat  systems. 

The  SSCM  is  the  major  component  investigated  in  this  thesis. 
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The  Ship  Service  Inverter  Module  (SSIM),  labeled  PCM-2  in  Figure  (1-3),  supplies 
ac  power.  SSIMs  convert  the  regulated  output  voltage  from  the  SSCMs  to  low-distortion 
three-phase  ac  to  drive  different  loads  within  a  zone.  SSIMs  can  be  operated  in  parallel 
to  offer  redundancy  and  achieve  power  requirements  within  the  zone. 

The  SSCMs  and  SSIMs  are  multi-functional  components  that  implement  current 
limiting,  fault  isolation,  power  conversion,  regulation,  and  condition  monitoring. 

D.  DC  ZEDS  RESEARCH  CONDUCTED  AT  NPS 


The  Naval  Postgraduate  School  has  been  actively  involved  in  research  for  the  next 
generation  surface  combatant.  Several  past  theses  have  investigated  issues  relating  to  the 
DC  Zonal  Electrical  Distribution  System.  The  following  is  a  short  description  of  past 
theses.  A  more  detailed  list  is  contained  in  References  [4]  and  [5]. 

•  Constant  power  characteristics  of  DC  ZEDS  were  investigated  with  reduced- 
order  PSPICE  dc-dc  converter  models.  From  these  PSPICE  models, 
observations  were  made  concerning  stability  and  controllability  [6]. 

•  ACSL  models  of  a  dc-dc  converter  and  a  three-phase  inverter  were  developed. 
Closed- loop  algorithms  for  buck  choppers  were  investigated,  and  hardware- 
in-the-loop  studies  were  conducted  using  a  dSPACE  card  in  order  to  validate 
computer  models  [7]. 
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•  The  one-cycle  control  algorithm  for  a  buck  chopper  was  considered  and 
implemented.  Comparisons  were  made  between  the  hardware  and  computer 
representation  [8]. 

•  Design  and  fabrication  of  several  buck  chopper  power  sections  were 
documented  [9] . 

•  A  voltage-mode  buck  controller  was  designed,  along  with  the  required  gating 
circuitry.  The  associated  analog  hardware  was  built  and  documented  [10]. 

•  Frequency-based  load  sharing  in  current-mode  controlled  buck  choppers  was 
investigated  and  an  ACSL  model  developed.  In  addition,  an  RMS  frequency 
estimation  circuit  was  designed  and  constructed  in  order  to  estimate  the 
current  from  individual  converters  operating  in  parallel  [11]. 

E.  THESIS  GOALS 


The  purpose  of  this  thesis  research  is  to  thoroughly  document  the  design  and 
development  of  a  Ship  Service  Converter  Module  (SSCM)  for  a  reduced-scale  prototype 
Integrated  Power  System  (IPS).  The  Energy  Sources  Analysis  Consortium  (ESAC), 
consisting  of  Purdue  University,  the  Naval  Postgraduate  School-Monterey,  the  U.S. 

Naval  Academy,  the  University  of  Missouri-Rolla,  and  the  University  of  Wisconsin- 
Milwaukee,  have  teamed  to  develop  technologies  which  will  support  the  electric  power 
distribution  and  propulsion  systems  for  the  next  generation  of  naval  ships  and 
submarines.  Each  institution  has  design  responsibilities.  Motivated  by  the  proposal 
authored  by  personnel  at  Purdue  University  [12],  the  Naval  Postgraduate  School  has 
designed,  fabricated  and  validated  a  dc-dc  converter  using  components  described  in 
Chapters  II  through  IV.  Easytrax,  PSPICE,  dSPACE,  and  MATLAB  software  were 
utilized  throughout  the  design  process.  The  reduced-scale  SSCM  will  be  inserted  into  a 
larger  testbed  as  illustrated  in  Figure  (1-5).  The  testbed  is  designed  and  configured  to 
expedite  the  study  of  interconnection  dynamics,  stabilization  algorithms,  and  input  filter 
design.  To  achieve  reliable  performance  in  the  testbed,  the  SSCM  must  be  rugged, 
transportable,  flexible,  and  provide  convenient  interconnection  and  monitoring  capability. 
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Figure  1-5,  Proposed  DC  ZEDS  Testbed  (After  Ref.  [12]). 


The  work  reported  in  this  thesis  provides  detailed  fabrication  and  design 
instructions  to  facilitate  developing  additional  units  and  incorporating  any  required 
design  modifications.  This  study  directly  supports  ongoing  research  in  the  area  of  IPS  for 
DD-21. 

F.  CHAPTER  OVERVIEW 

Chapter  II  covers  the  basic  converter  and  testbed  specifications.  Chapter  IE 
focuses  on  the  main  component  selection  process  for  the  dc-dc  converter.  Detailed  steps 
for  inductor  design/selection  are  offered  as  well  as  guidelines  for  capacitor,  Insulated 
Gate  Bipolar  Transistor  (IGBT),  and  current  sensor  component  selection.  Chapter  IE 
concludes  with  a  discussion  of  the  pulse  width  modulation  hardware.  In  Chapter  IV,  the 
control  circuitry  is  investigated.  Control  board  design  from  mathematical  theory  to 
hardware  implementation  is  discussed.  Additionally,  the  commercially-available  IGBT 

driver  board  is  explained  and  a  test  circuit  is  illustrated.  Finally,  Chapter  IV  contains  a 
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description  of  the  voltage  and  current  sensing  circuits.  Chapter  V  documents  and 
illustrates  the  overall  SSCM  layout  where  each  section  is  broken  down  by  circuit  function 
(i.e.  protection  circuitry,  PWM  circuitry).  Chapter  VI  includes  a  discussion  of  the  testing 
and  validation  studies  performed.  Chapter  VII  contains  concluding  remarks  and 
recommendations  for  future  studies.  Issues/recommendations  are  offered  throughout  the 
thesis  where  applicable. 
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II.  CONVERTER  AND  TESTBED  SPECIFICATIONS 


A.  PURPOSE 

As  indicated  in  Chapter  I,  the  goals  of  this  thesis  are  to  document  the  design, 
fabrication,  and  testing  of  a  reduced-scale  SSCM.  The  design  must  be  rugged,  flexible, 
transportable,  and  provide  convenient  connections  for  use  in  a  larger  testbed.  This 
chapter  will  outline  the  specification  requirements  for  the  project,  specify  the  general 
equations  utilized  in  the  design  of  a  dc-dc  converter,  and  provide  an  overview  of  the 
major  assemblies  required  in  this  design. 

B.  SPECIFICATIONS 

Table  (2-1)  lists  the  required  specifications  met  in  this  design.  Note,  throughout 
this  thesis  the  converter  output  voltage  will  be  referred  to  as  Vc  or  Vout,  while  the  voltage 
applied  to  the  input  filter  will  be  designated  by  Vin  or  E  (see  Figure  (2-1)). 


Parameter 

Buck  Chopper 

Rated  Continuous  Output  Power 

8kW 

Switching  Frequency 

20kHz 

Input  (maximum) 

Vin  =  E  =  500V  Dc 

Iin=  16A 

Output  (maximum) 

Vc  =  Vout=  400Vdc 

lout  =  20A 

Range  for  Continuous  Inductor  Current 

>  10%  Foad  (Rl  <  2000)  at  D  >  0.8 

Output  Voltage  Ripple 

<  1%  at  Full  Foad 

Table  2-1,  Buck  Converter  Specifications. 
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1. 


Power  Section 


Figure  (2-1)  illustrates  the  basic  elements  of  the  selected  power  section  for  the  dc- 
dc  converter.  From  Reference  [13],  it  can  be  shown  that  this  dc-dc  converter  acts  as  a  dc 
step-down  (buck)  transformer.  The  steady-state  output  voltage,  Vc,  is  directly  related  to 
the  nominal  switch  duty  cycle  (D)  and,  for  an  ideal  converter,  is  given  by  Equation  (2-1). 

VC=DE  (2-1) 

To  meet  the  input/output  voltage  specifications  listed  in  Table  (2-1),  the  nominal  duty 
cycle  must  equal  0.8.  Furthermore,  components  listed  in  Table  (2-2)  were  selected  with 
relevant  data  sheets  contained  in  Appendix  A.  Analysis  of  each  component  is  presented 
in  detail  in  Chapter  in. 
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Component 

Manufacture/Part  Number/Value 

Input  Filter  Inductor 

Arnold  Cores  (A- 125 112-2) 

0.4  mH,  hand  wound,  55  turns,  (I  =  60 

Input  Filter  Capacitor  Components 

1)  Mallory  (CGH102T450V3F) 

2-500  jlF,  450VDc 

2)  General  Electric  (Z97F8258) 

l-45pF,  600 VAC 

3)  3-2W,  30  resistors 

Output  Inductor 

Arnold  Cores  (A- 15 8304-2) 

1.0  mH,  hand  wound,  57  turns,  (I  =  147 

Output  Capacitor 

Mallory  (CGH102T450V3F) 

500  pF,  450Vdc 

Switch/Diode 

Semikron  (SKM-100GB-124D) 

IGBT  Power  Module,  1200V/100A 

Table  2-2,  Component  Selection. 


2.  Input  Filter 

The  input  filter  is  illustrated  in  Figure  (2-1).  The  assumed  input  to  the  filter  is 
from  a  controlled  six -pulse  rectifier,  which  has  a  dc  component  of  approximately  500V 
and  the  dominant  ripple  component  at  360Hz.  Pole  placement  for  the  two-pole  filter  was 
selected  to  allow  360Hz  to  pass  while  ensuring  that  20kHz  was  blocked.  The  control 
should  be  able  to  accommodate  the  low-frequency  ripple  of  the  rectifier.  Chapter  El 
details  the  design  process  while  Equation  (2-2)  provides  the  appropriate  filter  cutoff 
(3dB)  frequency. 


/ 


1 


fi"er  lLf,l,erC filter 


(2-2) 
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3. 


Critical  Inductance 


Several  factors  are  involved  in  the  selection  and  design  of  the  buck  converter 
power  section  inductance  (labeled  Lbuck  in  Figure  (2-1)).  Chapter  HI  details  the  process 
involved  in  inductor  design  and  Appendix  B  contains  MATLAB  code  used  to  calculate 
inductance.  Critical  inductance  is  the  minimum  inductance  required  to  maintain 
continuous  conduction  and  is  given  by  Equation  (2-3).  In  Equation  (2-3),  T  is  the 
switching  period  (50pscc),  R  is  the  critical  load  resistance  (RCrit=10Rrated),  and  D  is  the 
nominal  duty  cycle  (0.8). 


TR 

Lcrit=-(1-D) 


(2-3) 


4.  Capacitance 

Capacitor  selection  was  based  on  both  voltage  ripple  and  dynamic  response.  To 
meet  the  maximum  one-percent  steady-state  ripple  tolerance.  Equation  (2-4)  from 
Reference  [14]  was  utilized. 


DT2 

C  .  = - (V  -V  )  (2-4) 

min  8/SV  L  m  out  / 


In  Equation  (2-4),  AVC  is  the  peak-to-peak  capacitor  voltage  ripple,  L  is  the  actual  power 
section  inductance,  and  Vin  and  Vout  are  the  nominal  values.  Chapter  El  details  the 
minimum  capacitance  calculations  and  the  actual  findings  and  values  utilized. 

5.  Switch/Diode 

As  stated  previously,  a  Semikron  IGBT  was  selected  that  met  the  switching 
speeds  and  the  voltage  and  current  ratings  required  for  this  design.  Chapter  IE  briefly 
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discusses  the  IGBT  and  Chapter  IV  details  the  design  process  and  equations  for  the 
analog  control  board,  IGBT  driver  board,  and  sensor  boards.  The  power  section  diode, 

D1  in  Figure  (2-1),  is  physically  contained  inside  the  IGBT  package.  Since  the  diode  is 
integrated  in  the  same  package,  stray  inductance  in  the  circuit  is  minimized. 

C.  SSCM  MONITORING  AND  INTERCONNECTIONS 

Providing  the  ability  to  monitor  key  circuit  parameters  in  any  system  is  vital  to  the 
user.  As  illustrated  in  Figure  (2-2),  the  front  panel  of  the  SSCM  was  designed  to  provide 
continuous  system  monitoring  and  testing  capability.  All  British  Naval  Connector  (BNC) 


FRONT  PANEL 


Figure  2-2,  SSCM  Front  Panel. 


connections  are  accessible  and  easily  replaced.  The  BNC  connections  displayed  in 

Figure  (2-2)  are  connected  via  cables  to  easily  accessible  BNC  connections  located  on 

top  of  the  main  SSCM  circuit  board.  Digital  meters  were  provided  to  give  precise 

readouts  of  input  and  output  voltage.  Light  Emitting  Diodes  (LEDs)  are  mounted  on  the 
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front  panel  to  warn  the  user  of  a  fault  and  to  display  SSCM  power  status.  Fault  LEDs 
and  associated  protection  circuitry  are  discussed  in  Chapter  V. 

To  provide  control  option  flexibility,  the  SSCM  contains  a  user  select  switch 
(SW1)  located  on  the  main  circuit  board.  The  switch  is  illustrated  in  Figure  (2-3)  along 
with  a  description  of  switch  functional  positions.  To  interpret  the  table  in  Figure  (2-3), 
the  following  is  offered.  If  the  user  desires  to  use  the  SSCM  internal  control  and  PWM 
circuitry,  SW 1  toggles  1  and  2  are  placed  in  the  "on"  position  while  3  and  4  are  down  or 
"off"  (the  down  position  has  no  label).  If  the  user  desires  to  provide  an  external  duty 
cycle  to  the  PWM  circuit  and  bypass  the  internal  control  circuitry,  then  the  desired  duty 
cycle  is  input  into  the  front  panel  BNC  at  d(t)  and  SW  1  toggles  2  and  3  are  placed  "on" 
while  SW1  toggles  1  and  4  are  "off".  Finally,  if  only  an  external  duty  cycle  is  desired  (by 
pass  both  the  internal  controller  and  PWM  circuit),  SW  1  toggle  4  is  set  in  the  "on" 
position  and  all  other  remaining  toggles  are  "off."  The  SSCM  was  shipped  in  the  test 
mode,  which  indicates  that  the  SSCM  is  utilizing  the  internal  integral  controller  and 
PWM  circuit  (1  and  2  "on").  Figure  (2-3)  is  for  illustrative  purposes  only,  switch 
interface  and  a  detailed  schematic  are  offered  in  Chapter  V. 


User  Select  Switch 
SW1 


Table  for  switch  (SW1) 

SW1- 

POSITION 

FUNCTION 

4 

ON 

Connects  Front  Panel  directly  to  IGBT  Driver  0-1 5V 

3 

ON 

Connects  Front  Panel  to  PWM  input  0-1 0V  d(t) 

2 

ON 

NOTE:  Close  together,  uses  external  duty  cycle  signal 

2 

ON 

Test  Mode  Integral  Contoller 

1 

ON 

NOTE:  Close  together,  uses  SSCM  controller  and  PWM  chip 

Figure  2-3,  User  Select  Switch. 


16 


D.  SYSTEM  COOLING  AND  PROTECTION 


1.  System  Cooling 

SSCM  cooling  was  achieved  by  the  use  of  two  115Vac/60Hz  (4-5/8")  Globe 
Motors  fans  (part#  A47-B 15A-15T3-000).  One  fan  was  mounted  directly  onto  the  rear 
panel  and  forced  air  into  the  SSCM  at  approximately  100  CFM  while  the  second  fan  was 
mounted  directly  to  the  heat  sink  to  force  the  air  across  the  fins  of  the  heat  sink  and  back 
out  the  rear  panel  of  the  SSCM.  Figure  (2-4)  illustrates  fan  placement  on  the  rear  panel 
while  Figure  (2-5)  illustrates  the  rear  and  side  view  of  the  IGBT  placement.  Placing  the 
IGBT  on  the  side  of  the  heat  sink  allowed  heat  generated  from  the  IGBT  to  transfer  down 
the  fins  of  the  heat  sink.  These  fins  are  in  the  path  of  the  fan  thus  allowing  heat  to  be 
immediately  removed  from  the  enclosure. 


BACK  PANEL 


Rear  View 


Output  Fan 


Input  Fan 


Figure  2-4,  SSCM  Back  Panel. 
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Figure  2-5,  Heat  Sink  Layout. 


2.  Protection  Circuitry 


The  protection  circuit  is  discussed  in  detail  in  Chapter  V.  From  Figure  (2-2),  the 
SSCM  provides  indication  of  over-current  and  over-temperature  by  the  use  of  two  red 
LEDs.  Reset  buttons  are  located  on  the  front  panel  should  the  aforementioned  faults 
occur.  Currently,  "driver  board  error",  caused  either  by  an  IGBT  short  circuit  or  a  supply 
under- voltage  condition  (<~  1 IV),  is  indicated  by  converter  lockout  (driver  board  no 
longer  gates  the  IGBT).  If  this  happens,  all  power  must  be  removed  from  the  converter 
and  control  power  cycled  off-on  to  reset  the  driver  board.  A  yellow  LED  (not  connected) 
was  placed  in  the  front  panel  (see  Figure  (2-2))  if  future  hardware  monitoring  of  the 
"driver  board  error"  is  desired.  Currently,  there  is  no  LED  indication  for  "driver  board 
error." 
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E.  DC  ZEDS  TESTBED 


As  outlined  in  Reference  [12],  the  objective  of  ESAC  will  be  to  construct  a 
laboratory-scale  DC  ZEDS  distribution  system.  It  is  anticipated  that  a  three-zone  system 
will  be  constructed.  The  rating  for  the  entire  system  will  be  on  the  order  of  15kW.  This 
system  will  be  used  to 

•  Provide  a  testbed  for  research  in  control  and  automation  tools  developed  by 
ESAC, 

•  Provide  a  testbed  for  research  in  CAD  Tools  developed  by  ESAC, 

•  Serve  as  a  baseline  for  comparison  to  the  full-scale  advanced  development 
system, 

•  Serve  as  a  basis  for  future  support  of  the  LBES  (Land  Base  Engineering  Site) 
test  site  (it  would  allow  experiments  and  studies,  which  do  not  risk  hardware, 
to  be  performed  at  lower  power  levels  prior  to  testing  at  LBES)  or  to 
demonstrate  new  controls  concepts  before  retrofits  to  LBES, 

•  Serve  as  a  resource  to  the  academic  and  industrial  community  in  general  by 
providing  a  thoroughly  documented  system  on  which  to  demonstrate  controls 
and  CAD  tools  developed  by  other  researchers. 

As  stated  in  Reference  [12],  the  system  will  be  carefully  documented  and  the 
documentation  will  be  placed  on  the  web  so  that  it  will  also  be  a  resource  to  researchers 
not  directly  involved  in  this  project.  Deliverables  will  include  the  hardware 
demonstration  and  a  web-based  report  with  studies,  which  will  be  made  available  to  the 
entire  engineering  community.  The  schedule  for  this  task  is  as  follows:  months  1-8 
encompass  component  construction,  months  9-15  entail  system  integration  and  studies, 
months  16-18  are  reserved  for  reporting.  The  periods  mentioned  begin  January  2001. 

As  stated  in  Chapter  I,  NPS  is  responsible  for  the  SSCM.  The  bulleted  list  above 
pertains  to  the  entire  ESAC.  The  chapters  and  appendices  that  follow  comprehensively 
document  the  SSCM  design  process. 


19 


F.  SUMMARY 


This  chapter  provided  an  overview  of  the  general  design  equations,  physical 
cabinet  appearance,  and  a  brief  discussion  of  system  cooling  and  protection. 

Furthermore,  the  ESAC  outline  for  all  schools  involved  was  restated  from  Reference 
[12].  Chapter  HI  details  the  component  selection  process  for  the  SSCM  designed  at  NPS. 
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III.  COMPONENT  SELECTION 


A.  PURPOSE 

The  purpose  of  this  chapter  is  to  document  the  design  process  and  component 
selection  for  the  buck  converter  (SSCM). 

B.  COMPONENT  SELECTION 

Basic  converter  specifications,  Table  (2-1),  were  developed  based  on  ESAC's 
project  needs,  component  cost,  and  practicality  of  fabrication.  The  following  subsections 
provide  the  design  details  for  the  main  inductor,  output  capacitor,  input  filter,  current 
sensors,  pulse-width-modulation  circuitry,  and  IGBT. 

1.  Power  Section  Inductor  Design 

Design  for  the  buck  chopper  inductor  was  carried  out  in  accordance  with 
Reference  [14].  Table  (3-1)  defines  the  terms  utilized  in  inductor  design. 
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Parameter 

Definition 

Units  of  Measure 

Bmax 

Maximum  Flux  Density 

Gauss 

F 

■Mms 

Equivalent  Sinusoidal  rms 

Voltage 

Volts 

Ae 

Effective  Cross  Sectional 

Area  of  Magnetic  Path 

cm2 

N 

Number  of  Turns 

Dimensionless 

F 

Frequency 

Hertz 

H 

Magnetizing  Force 

Oersteds 

I 

Peak  Current 

Amperes 

le 

Effective  Magnetic  Path 

Fength 

cm 

Liooo 

Inductance  Factor 

milli-Henries 

Permeability 

Henries/inch 

B 

Flux  Density 

Gauss 

Ht 

Core  Height 

Inches 

He 

Effective  Height  Before 

Finish 

Inches 

L 

Measured  Inductance 

Henries 

Q 

Quality  Factor 

Dimensionless 

CO 

Radian  Frequency  27lf 

Rad/sec 

Table  3-1,  Inductor  Component  Design. 

The  buck  chopper  inductor  was  sized  to  maintain  continuous  inductor  current 
over  a  load  range  of  10%  to  100%  rated.  The  most  limiting  condition  for  continuous 
inductor  current  occurs  at  minimum  load.  To  maintain  continuous  operation,  the  inductor 
must  be  wound  to  meet  or  exceed  the  critical  inductance  for  the  circuit.  Reference  [15] 
defines  critical  inductance,  with  the  result  given  by  Equation  (3-1)  where  T  is  the 
switching  period,  R  is  the  resistance  at  minimum  load,  and  D  is  the  nominal  switch  duty 
cycle. 
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(3-1) 


L  =-(l-D) 

crit  2  / 

By  design,  the  switching  frequency  was  chosen  to  be  20kHz  or  T=50|iscc.  As 
outlined  in  Reference  [10],  this  selection  of  switching  frequency  provides  the  following 
advantages: 

•  achieves  the  maximum  switching  frequency  for  hard-switched  IGBTs  at  these 
power  levels, 

•  eliminates  audible  switching  noise  of  the  buck  chopper, 

•  minimizes  the  required  inductor  size, 

E  — V 

•  minimizes  the  inductor  ripple  current  given  by  AI  = - -  ( DT  j , 

L 

•  maximizes  the  allowable  closed-loop  control  bandwidth. 

Analyzing  Equation  (3-1),  two  of  the  input  parameters  are  set,  T  and  R.  D  is  determined 
using  Equation  (3-2)  and  is  given  by 


^  =  0.8 
500V 


(3-2) 


Load  resistance  ranges  from  20f2  (100%)  to  200£2  (10%).  For  R=200£2,  Lcrit=lmH.  An 
inductance  of  ImH  was  selected  to  satisfy  the  continuous  current  requirement  while 
minimizing  the  inductor  size. 

Following  a  full  development  in  Reference  [14],  core  sizes  for  the  input  filter  (to 
be  discussed  in  a  later  section)  and  buck  chopper  were  determined  to  be  60|i  and  1 47 p, 
respectively,  as  listed  in  Table  (2-2).  The  following  discussion  details  the  design  process 
utilized  for  the  power  section  inductor  (similar  steps  apply  for  the  input  filter  inductor 
design). 

As  indicated  in  Table  (2-1),  up  to  an  average  of  20A  of  current  will  flow  through 
the  main  inductor.  With  this  in  mind,  Table  (3-2)  was  referenced  to  determine  that  12- 
gauge  wire  would  meet  the  current  specification. 
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AWG 

Feet/Ohm 

Ohms/lOOft 

Ampacity 

mm2 

Meters/Ohm 

Ohms/IOOM 

10 

490.2 

.204 

30 

2.588 

149.5 

.669 

12 

308.7 

.324 

20 

2.053 

94.1 

1.06 

14 

193.8 

.516 

15 

1.628 

59.1 

1.69 

16 

122.3 

.818 

10 

1.291 

37.3 

2.68 

18 

76.8 

1.30 

5 

1.024 

23.4 

4.27 

Table  3-2,  Copper  Wire  Resistance  Table  (After  Ref.  [16]). 


Next,  based  on  the  fact  that  the  inductance  was  determined  to  be  ImH  and  I  = 
20A,  the  calculation  of  the  product  LI  (energy)  yields  0.4  Joules.  Figure  (3-1)  from 
Reference  [17]  was  consulted  to  determine  a  required  core  weight.  Entering  Figure  (3-1) 
horizontally  at  LI  =  0.4,  the  line  is  intersected  at  a  required  core  weight  of  approximately 
(~)  2.6  lbs.  Returning  to  Reference  [14],  the  5.218-inch  core  met  specifications. 
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The  number  of  turns  for  the  inductor  (N)  was  calculated  using  Equation  (3-3)  and 
Reference  [14]. 


N  =  1000  j—^~  (3-3) 

V  ^ iooo 

With  L  =  ImH  and  Liooo=  304mH,  listed  in  Reference  [14],  N  was  approximately  equal 
to  57  turns. 

The  magnetizing  force  (H)  was  then  computed  using  Equation  (3-4). 


0.4n  N I 

h 


(3-4) 


Employing  the  effective  magnetic  path  dimension  (33.12cm)  listed  in  Figure  (3-2),  H  was 
calculated  to  be  43.25  Oersteds.  Note,  Figure  (3-2)  is  for  a  125(1  inductor;  however,  the 
information  illustrated  here  is  the  same  as  that  for  the  1 47 p  inductor. 


CORNERS: 

0.125  Appmx. 
Radius  (Typical) 


Physical  Specifications 


Effective  Cross 
Sectional  Area  of 
Magnetic  Path,  A, 
(Reference) 

Effective  Magnetic 
Path  Length,  le 
(Reference) 

Effective  Core 
Volume,  Ve 
(Reference) 

Minimum 

Window 

Area 

(Reference) 

Approximate 
Weight  of 
Finished  125p  MPP 
Core 

Approximate  Mean 
Length  of  Turn  for  Full 
Winding  (Half  of  I.D. 
Remaining) 

0,8288  in' 

12.767  in 

10.58  in1 

7.225  in' 

3.19  lbs 

3.97  in 

5.3471  cm' 

33.12  cm 

173.40  cm1 

46.612  cm' 
9,199,089  cmil 

1450  g 

10.09  cm 

Figure  3-2,  Core  Dimensions  5.218  Inch  (From  Ref.  [14]). 


Dimensions 


Outside  Diameter 

Inside  Diameter 

Height 

Before  Coating 

5.218  in 

3.094  in 

0.800  in 

Nominal 

132.54  mm 

78.59  mm 

20.32  mm 

After  Coating 

5.274  in  Max, 

3.033  in  Min, 

0.855  in  Max, 

(Blue  Epoxy) 

133.96  mm  Max. 

77.04  mm  Min, 

21.72  mm  Max. 
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Continuing,  Bmax  was  determined  using  Equation  (3-5)  from  Reference  [14]  where 
N  =  57,  Ae  =  5.3471cm2,  f  =  20kHz. 


E  xlO8 

►  _  rms _ 

max  42nNA  f 

eJ 


(3-5) 


Equation  (3-5)  is  valid  for  sinusoidal  voltages.  With  a  nominal  duty  cycle  of  0.8  and 
500V  input  voltage,  the  steady-state  ideal  inductor  voltage  is  as  given  in  Figure  (3-3)  plot 
(A):  at  100V  for  80%  of  the  switching  period,  at  -400V  for  20%  of  the  switching  period. 


Square  Wave  (A) 


1  oov 


^  0.2  <7 


Sine  Wave  (B) 


Figure  3-3,  Illustrations  of  Waveforms  for  Equations  (3-5)  and  (3-7). 
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From  Figure  (3-3)  plot  (A),  the  area  above  the  OV-Reference  line  must  be  equal  to  the 
area  below  the  OV-Reference.  This  is  a  necessary  condition  for  the  circuit  to  be  in  the 
steady  state.  With  this  in  mind,  the  following  must  be  true:  Ep+  D  =  Ep.(l-D)  where  Ep+  is 
the  positive  peak  (+100V)  and  Ep_  is  the  negative  peak  (-400V).  The  same  can  be  said 
about  plot  (B)  of  Figure  (3-3):  the  area  above  OV  must  equal  the  area  below  OV.  As  a 
result.  Equation  (3-6)  can  be  derived. 


y[2E, 


71 


rms  =  E  ,  D 

peak 


(3-6) 


The  left  hand  side  of  Equation  (3-6)  applies  to  plot  (B)  while  the  right  hand  side  of 
Equation  (3-6)  applies  to  plot  (A).  The  first  term  on  the  left  hand  side  of  Equation  (3-6) 
is  the  area  of  one -half  cycle  of  a  sine  wave  and  the  first  term  on  the  right  hand  side  is  the 
area  of  a  rectangle,  the  units  are  in  agreement  and  Equation  (3-6)  is  valid.  Therefore, 
based  on  the  anticipated  quasi-rectangular  voltage  waveform.  Equation  (3-5)  will  take  the 
form  of  Equation  (3-7). 


B 


max 


E  ,xlOaxD 

peak 

2NA  f 

eJ 


(3-7) 


In  Equation  (3-7),  f  is  the  switching  frequency  in  Hz  and  D  is  the  nominal  duty  cycle. 
Substituting  all  values  into  Equation  (3-7)  with  D  =  0.8  and  Epeak=  100V  yields  Bmax  = 
657.07  Gauss.  It  should  be  noted  that  the  same  result  can  be  reached  by  setting  D  =  0.2 
and  EPeak  =  400V 

Permeability  (p),  for  the  core  was  determined  using  Equation  (3-8)  where  (le)  and 
(Ae)  were  defined  in  Table  (3-1)  and  given  in  Reference  [14]  and  L  is  in  nano-henries 
(lxl06nH). 
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(3-8) 


LI 

_ e 

4tzA  N2 

e 


Substituting  all  values  into  Equation  (3-8),  a  permeability  of  approximately  152  was 
determined.  The  closest  p  commercially  available  from  Arnold  Cores  was  147p; 
therefore,  this  core  was  utilized  for  this  project. 

Finally,  consulting  Figure  (3-4)  with  the  horizontal  argument  of  43.25  Oersteds 
(from  Equation  (3-4)),  the  147p  line  is  intersected  at  approximately  4700  gauss.  From 
the  graph,  the  inductor  remains  within  the  linear  range  of  4700  gauss  plus  or  minus 
657.07  gauss  (determined  from  Equation  (3-7)).  As  determined  from  the  graph  in  Figure 
(3-4),  it  is  evident  that  the  147p  curve  remains  in  the  linear  region  and  saturation  does  not 
occur.  The  inductors  were  wound  in  the  lab  and  measured  using  available  lab  equipment 
(Sencore  model  FC53  "Z  meter"  capacitor-inductor  Analyzer).  The  147p/57turn/l  mH 
inductor  possessed  a  measured  inductance  of  0.99mH  (at  zero  current). 


MAGNETIZING  FORGE  -  OERSTEDS 


— a 

205 

17)3 


Figure  3-4,  B-H  Curves  (From  Ref.  [14]). 
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Reference  [14]  utilizes  the  CGS  system.  If  it  is  desired  to  use  the  SI  system, 
Table  (3-3)  from  Reference  [14]  can  be  entered  to  convert  between  the  two  systems. 


Quantity 

To  Convert 

Multiply 

From 

To 

By 

Magnetic  Flux 

Density  (B) 

Gauss  (CGS) 

Teslas  (SI) 

io-4 

Magnetizing  Force 

(H) 

Oersteds  (CGS) 

Amperes  per  Meter 

(SI) 

1000/(471) 

Table  3-3,  Conversion  Table  (From  Ref.  [14]). 


To  determine  the  change  in  permeability  versus  dc  bias,  Figure  (3-5)  is  entered 
along  the  horizontal  axis  using  the  magnetizing  force  determined  from  Equation  (3-4). 
As  is  illustrated  for  the  147(1  inductor  at  43.25  Oersteds,  the  percent  change  in 
permeability  can  be  as  high  as  ~  50%.  Such  a  change  can  significantly  affect  filter 
calculations  where  a  decrease  in  permeability  causes  the  inductance  to  decrease  that  in 
turn  causes  the  cutoff  frequency  of  the  filter  to  increase.  Appendix  A  contains  the  spec 
sheets  for  the  inductor  and  Appendix  B  contains  a  MATLAB  script  file  for  inductance 
calculation. 
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_ D.C.  Magnetizing  Force  (Oersteds) _ 

Figure  3-5,  Percent  Change  in  Permeability  (From  Ref.  [14]). 


To  summarize  the  inductor  design  steps,  the  following  is  offered: 

•  determine  duty  cycle  (D)  from  Equation  (3-2), 

•  determine  critical  inductance  (Lcrit)  from  Equation  (3-1), 

•  determine  current  (I),  choose  correct  wire  size  from  Table  (3-2), 

•  calculate  energy  required  (LI ),  enter  graph  and  choose  core  weight  from 
Figure  (3-1), 

•  based  on  weight,  select  core  from  inductor  catalog  specification  sheets 
Reference  [14], 

•  calculate  number  of  turns  required  (N)  from  Equation  (3-3)  and  Reference 
[14], 

•  calculate  magnetizing  force  (H)  based  on  specs  from  specification  sheet 
Reference  [14]  and  Equation  (3-4), 

•  calculate  Bmax  based  on  data  from  specification  sheet  Reference  [14]  and 
Equations  (3-4  through  3-7), 

•  calculate  permeability  (p)  from  Equation  (3-8)  and  Reference  [14], 

•  enter  B-H  graphs  in  Reference  [14]  and  Figure  (3-4)  and  determine  if  inductor 

chosen  is  within  the  linear  region, 
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•  finally,  determine  percent  change  in  permeability  from  Figure  (3-5)  and 
Reference  [14]. 

Once  the  input  filter  frequency  has  been  determined  (Lmter  and  Cfiiter),  the  same 
steps  listed  above  should  be  followed  when  deciding  on  a  core  for  the  input  inductor. 

2.  Output  Capacitor  Sizing 

Capacitor  selection  was  based  on  parameters  from  Table  (2-1)  with  buck  chopper 
output  voltage  ripple  (AVC)  less  than  1%  (4V  peak-to-peak).  To  determine  the  correct 
capacitance,  a  full  development  from  Reference  [13]  was  utilized.  From  Reference  [13], 
the  difference  between  the  maximum  and  minimum  inductor  current,  Imax-Imin,  is  given 
by: 


I 

max 


-I  . 

min 


(E- 


L 


V  ) 

c  xDT 


(3-9) 


Substituting  in  the  appropriate  values,  Imax-Imin  =  4 A.  The  change  in  charge  (AQ)  was 
calculated  using  Equation  (3-10)  with  T  =  50psec,  f  =  20kHz: 


A  Q  = 


(I  -I  .  ) 

1  max  min  7  y  j1 


(3-10) 


Substituting  all  values,  AQ  =  25 pC.  To  find  the  minimum  output  capacitance  required, 
Equation  (2-4)  was  utilized  and  verified  by  Equations  (3-11)  and  (3-12). 


C  = 


AQ 

AV 


(3-11) 


AV 

_ C_ 

V 


c 


T2(l-D) 

8LC 


(3-12) 
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Substituting  all  values  into  Equations  (3-11)  and  (3-12)  and  assuming  full  load  condition 
(L  =  50%  of  theoretical  value),  C  =  12.5|lF,  which  is  the  minimum  capacitance  required. 
Note,  capacitor  selection  is  somewhat  dependent  on  the  dynamic  response  desired,  for 
example,  the  requirement  that  there  is  enough  energy  to  recover  during  a  load  transient. 
Equation  (3-11)  is  only  a  steady-state  requirement. 

One  must  simulate  the  power  section  and  control  law  to  assess  the  appropriateness 
of  capacitance  selection.  Reference  [4]  cited  that  actual  capacitance  required  could  range 
from  10  to  100  times  Cmin.  A  detailed  buck  chopper  SIMULINK  model  was  built  and 
MATLAB  m-files  (used  bessel  pole  locations)  written  to  test  various  values  of 
capacitance.  Simulation  revealed  a  capacitance  of  ~  500(lF  was  required  to  obtain  a 
reasonable  transient  response.  The  MATLAB  script  files  and  detailed  SIMULINK  model 
are  contained  in  Appendix  B. 

Figure  (3-6)  illustrates  two  simulation  runs,  one  for  C  =  50pF  and  one  for  C  = 
500|lF.  In  each  case,  the  control  law  feedback  gains  were  modified  to  achieve  identical 
closed-loop  pole  locations  so  that  appropriate  comparisons  can  be  made  (pole  locations  S 
=  -2342.06  ±  j2234.30,  -2959.38).  The  control  law  assumed  is  documented  in  Chapter 
IV.  From  the  figure,  it  is  apparent  that  C  =  500(lF  is  the  more  suitable  choice  for  output 
capacitance.  Figure  (3-6)  illustrates  a  step-change  from  minimum  load  (200f2)  to 
maximum  load  (20f2)  then  a  step  change  back  to  minimum  load.  For  C  =  50(lF,  the 
output  voltage  transient  during  both  step  changes  is  greater  than  30V,  motivating  the 
choice  of  a  larger  capacitance  value.  For  a  similar  load  transients  with  C  =  500(lF,  the 
output  voltage  remains  within  ±  4V.  Values  of  capacitance  much  larger  than  500pF 
introduce  the  possibility  of  large  swings  in  the  duty  cycle  during  a  transient,  with  the 
resulting  rail-to-rail  signal  injecting  spurious  noise  into  the  system.  A  500pF  output 
capacitance  was  deemed  adequate  in  terms  of  transient  response  and  duty  cycle 
performance. 
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Figure  3-6,  Output  Voltage  and  Power  Section  Inductor  Current  Plots. 
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Care  must  be  exercised  when  selecting  the  proper  capacitor.  In  general,  the 
specification  sheet  will  list  maximum  ripple  current  and  frequency  response.  For  this 
project,  a  capacitor  with  6Anns  (from  spec  sheet)  ripple  at  20kHz  was  selected  to  ensure 
components  were  within  specification  guidelines.  The  capacitor  spec  sheet  is  included  in 
Appendix  A. 


3.  Input  Filter  Selection 

The  input  filter,  illustrated  in  Figure  (2-1),  must  allow  the  360Hz  ripple  from  the 
assumed  six -pulse  rectifier  to  pass  and  to  ensure  that  the  switching  frequency  from  the 
main  switch  is  blocked.  Blocking  the  switching  frequency  ensures  that  the  IGBT 
switching  action  will  not  be  fed  back  to  other  converters  supplied  by  the  same  rectifier. 

To  determine  filter  capacitor  and  inductor  size,  the  resonant  peak  of  the  filter  was 
chosen  to  be  450Hz.  This  resonant  frequency  allowed  360Hz  to  pass  and  was  at  least  one 
decade  below  the  switching  frequency  of  the  IGBT  prohibiting  it  from  affecting  the  input. 
Substituting  into  Equation  (3-13)  with  f0  =  450Hz  and  C  =  500pE  (selected  for  its 
availability  in  the  lab),  L  was  determined  to  be  250pH. 


2k4lC 


(3-13) 


Referring  back  to  Figure  (3-5),  the  inductor  permeability  could  change  as  much  as  fifty- 
percent  thus  decreasing  inductance  as  much  as  fifty  percent.  Taking  the  aforementioned 
into  account  and  following  the  same  procedures  listed  above  for  the  buck  chopper  power 
section  inductor,  the  input  filter  inductor  was  hand  wound  (55  turns)  for  0.4mH  and 
measured  0.357mH  in  the  lab  using  the  same  test  equipment  as  previously  mentioned. 

Concern  lied  in  the  dc  bias  portion  of  the  circuit.  From  specifications  listed  in 
Table  (2-1),  Pout  =  8kW  and  Vin  =  E  =  500Vdc.  Noting  that  for  an  ideal  converter  Pin  = 
Pout=  Vin2/R  and  solving  for  R  reveals  that  the  filter  "sees"  a  steady-state  impedance  of 
31.25F1  (Note,  a  more  detailed  analysis  is  required  to  characterize  the  incremental  small- 
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signal  input  impedance).  With  I  =  E/R,  16A  of  dc  bias  is  going  through  the  inductor  as 
shown  from  the  PSPICE  simulation  in  Figure  (3-7).  As  in  the  case  of  the  power  section 
inductor,  the  permeability  of  the  filter  inductor  will  change  with  an  increase  in  de-bias. 
Entering  Equation  (3-4),  where  N  =  55, 1  =  16A  and  le  =  25cm,  H-44.2  Oersteds.  Next, 
entering  Figure  (3-5)  it  is  seen  that  the  permeability  can  change  as  much  as  ~  85%, 
resulting  in  a  worst-case  fcutoff  ~  968.5Hz.  The  increase  in  the  cutoff  frequency  is  not  an 
issue  since  the  360  Hz  will  pass  while  20kHz  is  blocked.  The  specification  sheets  are 
contained  in  Appendix  A  and  Reference  [14]. 

Illustrated  in  Figure  (3-7),  Rfl  through  Rf3  function  to  provide  appreciable 

damping  at  the  LC  resonant  frequency  [13].  From  [13],  Rf  =  VlTc  where  L  =  357pH 
and  C  =  500pF  which  results  in  Rf  ~  0.840  .  High  wattage  (2W)  resistors  were  available 
in  the  lab;  therefore,  3-30  resistors  were  placed  in  parallel  to  achieve  -  lO  of  dampening 
resistance,  close  to  the  theoretical  value  of  0.840.  Finally,  the  45  pF  capacitor  in  Figure 
(3-7)  provided  additional  damping  (found  experimentally).  No  calculations  were  used  to 
select  the  45  pF  capacitor,  it  was  available  in  the  lab  and  its  capacitance  had  a  minimal 
impact  on  total  capacitance  in  the  input  filter. 
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Figure  3-7,  Buck  Converter  Input  Filter. 
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Simulation  was  conducted  on  the  circuit  in  Figure  (3-7)  using  Multisim  software 
from  Electronic  Workbench.  Figure  (3-8)  illustrates  the  bode  plot  for  the  ideal  low-pass 
filter.  The  cursor  indicates  that  the  response  begins  to  roll  off  near  ~  440Hz,  which  was 
acceptable  for  this  design. 


Figure  3-8,  Bode  Plot  Input  Filter. 


4.  Current  Sensors 

In  Chapter  IV,  the  analog  control  board  and  current  sensing  boards  are  discussed 
in  detail  and  Easytrax  layouts  are  provided  in  Appendix  D.  The  feedback  control  law 
utilizes  measurements  of  the  output  current  (i0)  and  the  power  section  inductor  current 
(iL).  In  Figure  (3-9),  two  inputs  to  the  control  board  are  labeled  i0/5  and  iL/5.  (Note, 
circuit  labeling  conventions  are  addressed  in  Chapter  V).  These  inputs  are  obtained  from 
the  CLN-50  Hall-effect  current  sensor  from  manufacturer  F.W.  Bell.  Appendix  A 
contains  data  sheets  for  the  CLN-50. 
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Figure  3-9,  Control  Circuit  Inputs. 


The  CLN-50  accurately  measures  dc  and  ac  current  and  provides  electrical 
isolation  between  the  current-carrying  conductor  and  the  output  of  the  sensor.  The 
current  sensor  uses  the  Hall  effect  to  sense  the  magnetic  field  and  output  a  proportional 
voltage.  The  Hall  effect  is  defined  as  follows:  If  a  conductor  carrying  a  current  (I)  is 
placed  in  a  magnetic  field  of  density  (B)  in  a  direction  normal  to  it,  then  an  electric  field, 
and  therefore  a  potential,  is  set  up  across  the  width  of  the  conductor.  This  is  the  Hall 
effect,  the  generation  of  an  electromotive  force  (e.m.f.)  by  the  movement  of  electrons 
through  a  magnetic  field.  The  Hall  e.m.f.  is  picked  off  by  tappings  applied  to  the 
conductor  edge  for  the  measurement  of  current. 

The  current-carrying  conductor  placed  through  the  window  of  the  CLN-50 
produces  a  magnetic  field  that  is  proportional  to  the  current.  The  current  through  the  coil 
produces  an  opposing  field  to  that  provided  by  the  current  through  the  aperture;  therefore, 
flux  in  the  core  is  constantly  driven  to  zero.  The  coil  is  connected  to  the  output  of  the 
sensor  and  the  output  is  a  current  proportional  to  the  aperture  current  multiplied  by  the 
number  of  turns  of  the  coil.  This  project  utilized  1000-turn  coils  providing  1mA  of 
output  current  for  1A  of  circuit  current.  The  output  current  is  converted  to  a  voltage  by 
connecting  the  output  current  through  a  resistor  (200fl).  The  resulting  voltage  signal  out 
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of  the  sensor  is  equal  to  the  circuit  current  divided  by  five.  This  signal  is  then  fed  to  the 
control  board  as  discussed  in  Chapter  IV.  A  different  scaling  can  be  achieved  by 
adjusting  the  resistor  value. 

According  to  Reference  [18],  Hall-effect  sensors  provide  an  advantage  over 
traditional  resistive  shunt  and  current  transformer  methods  in  that  the  Hall-effect  can  both 
measure  ac  and  dc  current  and  provide  electrical  isolation.  Hall-effect  sensors  also  offer 
the  following: 

•  low  cost  method  of  measuring  larger  ac  and  dc  currents, 

•  high  frequency  range  (>  150kHz,  not  applicable  to  this  design), 

•  no  magnetic  hysteresis  or  offset, 

•  fast  response  and  excellent  linearity, 

•  several  sensors  can  be  connected  in  parallel  to  the  same  supply. 

Finally,  to  achieve  the  most  accurate  reading  from  the  sensor,  the  wire  was  placed 
as  close  as  possible  to  the  center  of  the  aperture.  Furthermore,  to  avoid  interference  from 
other  large  current-carrying  conductors  in  the  buck  converter  module,  sensors  were 
carefully  located  in  the  buck  converter  enclosure  (location  illustrated  in  Chapter  V). 

5.  Pulsed  Width  Modulation  Chip  Selection  (UC3637) 

Figure  (3-10)  illustrates  the  Pulse  Width  Modulation  (PWM)  stage.  This  circuit  is 
comprised  of  the  UC3637  chip  by  Unitrode.  Data  sheets  are  included  in  Appendix  A  and 
design  considerations  with  applicable  equations  are  discussed  in  Reference  [19].  The 
UC3637  is  available  in  industrial  and  military  grades  (UC2637  and  UC1637, 
respectively). 
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Figure  3-10,  Block  Diagram  of  UC3637  (From  Ref.  [19]). 


The  UC3637  implements  pulse  width  modulation.  PWM  is  basically  a  switching 
technique  where  the  supply  voltage  is  applied  to  the  load  and  then  removed.  The  on 
times  and  off  times  are  controlled  as  precisely  as  possible.  The  main  function  is  to 
regulate  the  flow  of  energy  from  a  power  supply  to  a  load,  under  the  control  of  an  input 
signal. 

Figure  (3-10)  is  a  block  diagram  of  the  UC3637.  Reference  [19]  discusses  in 
detail  the  functional  operation  of  each  sub-block  and  defines  all  abbreviations  (i.e.  CP, 
CN).  The  main  functions  discussed  in  Reference  [19]  are: 

•  triangle  wave  generator;  CP,  CN,  SI,  SRI, 

•  PWM  comparators;  CA,  CB, 

•  output  control  gates;  NA,  NB, 

•  current  limit;  CL,  SRA,  SRB, 
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•  error  amplifier;  EA, 

•  shutdown  comparator;  CS, 

•  and  undervoltage  lockout;  UVL. 

Ratings  for  the  device  are  included  in  Appendix  A. 

The  UC3637  receives  the  analog  duty  cycle  10d(t)  (0-10V),  from  the  main  control 
circuit,  discussed  in  Chapter  IV,  and  produces  a  square  wave  output  at  a  frequency  of 
~  20.4kHz.  Charging  capacitor,  C302  in  Figure  (3-11),  generates  the  triangle  wave.  C302 
was  calculated  using  Equations  (3-14)  and  (3-15). 
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(3-14) 
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(3-15) 


In  the  previous  equations,  Is  is  the  current  through  R318,  +Vth1s  the  upper  threshold 
voltage  (10V),  -Vth  is  the  lower  threshold  voltage  (OV),  f  is  the  frequency  (20kHz 
desired),  and  Vs  is  the  supply  voltage  ( ±  15V).  Choosing  R318  =  27k£2,  Is  ~  0.0009mA. 
Solving  Equation  (3-15),  through  iterative  process,  C302  was  ~2200pF,  which  yielded  a 
frequency  of  ~  20.4kHz.  From  the  PWM  stage,  the  driver  pulse  (see  Figure  3-11)  is  sent 
via  pin  four  of  the  UC3637  to  the  IGBT  driver  board  discussed  in  Chapter  IV.  It  should 
be  noted  that  the  threshold  voltages  were  user  selected  to  meet  the  0-1 0V  output 
capability  of  a  standard  D/A  chip. 

6.  IGBT  Selection 

Selection  of  the  proper  IGBT  was  based  on  the  specifications  listed  in  Table  (2-1) 
and  the  lead-time  specified  by  the  manufacturer.  To  meet  specs  and  project  deadline, 
Semikron  SKM100GB124D  IGBT  was  selected.  The  device  is  rated  for  1200V/100A  at 
20kHz,  well  within  design  requirements.  The  IGBT  already  includes  a  fast  recovery 
diode  as  part  of  the  module;  therefore,  an  external  fast  recovery  diode  is  not  required. 
Appendix  A  contains  the  data  sheets  for  the  IGBT. 

C.  SUMMARY 

This  chapter  focused  on  the  process  of  selecting  major  components  for  the 

prototype  SSCM.  Appendix  C  contains  the  parts  list  used  in  the  design  along  with 

expected  lead  times  and  price  information  as  of  April  2001  (for  major  components  only). 

With  the  major  components  introduced,  the  design  of  the  main  control  circuit,  sensor 

boards,  and  the  IGBT  driver  board  are  detailed  next.  The  equations  implemented  by  the 
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control  board  and  the  operations  of  the  commercially-available  IGBT  driver  board  are 
documented  in  Chapter  IV. 
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IV.  CONTROL  BOARD  AND  SUPPORTING  CIRCUITS  DESIGN 


A.  FEEDBACK  CONTROL  OF  THE  BUCK  CHOPPER 

The  purpose  the  buck  chopper  feedback  control  is  to  establish  suitable  voltage 
regulation.  For  testing  the  converter,  the  converter  output  must  remain  nearly  constant 
under  changing  load  and  input  conditions.  Switching  functions  must  adjust  to  maintain 
nearly  precise  operation,  and  adjustment  must  be  performed  whenever  the  converter 
operates.  As  addressed  in  Reference  [20],  practical  power  converters  do  not  provide 
adequate  open-loop  regulation.  Most  open-loop  controlled  converters  produce  an  output 
dependent  on  the  input,  and  do  not  provide  inherent  line  regulation.  At  low  power,  the 
effects  of  equivalent  series  resistance  (ESR),  voltage  drops  across  semiconductor 
switches,  and  even  wire  resistance  make  operation  load  dependent.  To  account  for  these 
effects,  the  duty  ratio  of  a  dc-dc  converter  must  be  altered  and  made  a  function  of  the 
output. 

A  system  is  said  to  be  asymptotically  stable  if  it  returns  to  the  original  operating 
conditions  after  being  altered  or  disturbed.  In  general,  control  can  be  achieved  via  open- 
loop  or  closed-loop  techniques.  With  open-loop  control,  the  duty  cycle  is  set  without 
information  about  the  system  state  and  no  corrective  action  can  take  place  if  a  disturbance 
occurs.  With  this  in  mind,  it  is  apparent  that  closing  the  loop  is  vital  if  proper  regulation 
and  stability  are  to  be  maintained  in  the  dc-dc  converter.  Stability  is  required  for  small, 
fast  disturbances  such  as  noise,  for  large  disturbances  such  as  startup  or  loss  of  load,  and 
for  periodic  disturbances  such  as  input  ripple.  As  stated  in  Chapter  II,  the  dc-dc 
converter  control  must  be  robust;  hence,  the  control  circuitry  must  be  robust. 

Closed-loop  or  negative  feedback  control  makes  a  measurement  of  the  output  and 
compares  this  signal  to  the  desired  signal.  An  error  signal  is  developed  and  the  control 
input  is  altered  to  account  for  this  error.  Closed-loop  control  can  offer  undesirable 
results  as  well.  The  error  signal  is  intended  to  be  zero;  however,  if  zero  error  is 
developed  there  will  be  no  error  signal  to  drive  the  control  parameter.  As  will  be  seen  in 
a  later  section,  to  alleviate  this  problem,  integral  control  was  utilized  since  the  integrator 
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produces  nonzero  output  even  when  the  input  is  zero.  It  should  be  mentioned  that  care 
must  be  exercised  when  choosing  gains  or  the  integral  control  could  result  in  instability. 
The  purpose  of  this  chapter  is  to  develop  the  control  equations  and  explain  the  control 
circuitry  utilized  in  the  design. 


B.  ANALOG  CONTROL  BOARD 

1.  Main  Control  Stage  Circuit  Equations 


Control  for  the  buck  chopper  was  accomplished  utilizing  the  analog  control 
algorithm  adapted  from  Reference  [21]  and  described  in  Equation  (4-1).  Appropriate 
Bessel  pole  locations  are  selected  and  feedback  gains  derived  using  MATLAB  code 
documented  in  Appendix  B.  The  main  control  circuitry,  illustrated  in  Figure  (4-1), 
implements  the  algorithm  given  in  Equation  (4-1). 

d(t )  —  —hv  (vout  ~  >'  ref  )  “  hn  I  ( Vout  ~vref  (}l  ~ 1  out  )  (4-1) 
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Equation  (4-1)  states  that  the  duty  cycle  perturbations  are  a  function  of  the  output 
voltage,  the  inductor  current,  and  the  output  current.  With  the  control  loop  speed  slower 
than  the  switching  frequency  (20kHz),  one  may  view  the  switching  frequency  harmonics 
as  being  filtered  out  and  that  the  duty  cycle  is  a  function  of  the  averaged  values  of  the 
circuit  variables.  From  Equation  (4-1),  d(t)  is  the  duty  cycle,  hv  is  the  proportional 
voltage  gain,  hn  is  the  integral  voltage  gain,  and  h,  is  the  proportional  capacitor  current 
gain.  The  term  hi(iL-iout)  essentially  implements  the  feedback  of  the  derivative  of  the 
output  voltage.  By  selecting  the  proper  feedback  gains  h,.  hn,  and  hv,  the  desired  closed- 
loop  response  can  be  obtained. 

As  illustrated  in  Figure  (4-1)  and  included  in  Equation  (4-1),  both  current  and 
voltage  feedback  were  utilized.  Without  current  feedback,  the  transient  response  of  the 
converter  is  slow,  since  changes  in  the  duty  cycle  would  only  take  place  with  a 
perturbation  in  the  output  voltage  (Vout).  Thus,  rapid  output  current  changes  (step 
changes  for  instance)  introduce  near-instantaneous  modifications  to  the  switch  duty 
cycle. 

Before  pole  placement  was  resolved,  a  closed-loop  transfer  function  for  the  buck 
chopper  and  control  was  determined.  The  closed-loop  system  is  illustrated  in  Figure  (4- 
2).  The  upper  right  hand  block  was  derived  for  the  buck  chopper  (the  plant)  in 
References  [10]  and  [13]. 


Figure  4-2,  Buck  Converter  Closed-Loop  System. 
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Solving  the  closed-loop  transfer  function  resulted  in  Equation  (4-2)  where  E,  L,  C,  and  R 
are  known  constants  listed  in  Chapters  II  and  IE. 


vout  _ 
Vref 


E 

Tc 


(  hx,s  +  hn  ) 


s3  + 


f 


1  E  , 

- +  —  xh- 

RC  L  1 


V4  7 


A 


+ - xh,, 

LC  LC  x 


s  +—xh 
LC  n 


(4-2) 


By  writing  the  nodal  equations  applicable  to  Figure  (4-1),  labeled  Pt  A,  Pt  B,  Pt 
C,  and  10d(t),  equations  for  the  unknown  gains  (hv,  hn,  h,)  can  be  obtained.  Referring  to 
points  A,  B,  C,  and  d(t)  in  Figure  (4-1),  Equations  (4-3)  through  (4-9)  follow.  At  point  A 
(note,  circuit  labeling  conventions  are  addressed  in  Chapter  V): 
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Arbitrarily  choosing  the  same  resistor  values  for  U1A  and  U1B  and  realizing  from  Figure 
(1-4)  that  capacitor  current  is  i^  =^l  -h>  >  Equation  (4-3)  simplifies  to  Equation  (4-4). 
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Substituting  the  designated  resistor  values  for  these  op-amps  results  in  Equation  (4-6). 
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Continuing,  the  evaluation  at  point  C  yields  Equation  (4-7). 
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100xC107RW6 


(4-7) 


Zener  diodes,  D106  and  D107,  connected  to  U  1C  prevent  integrator  windup.  These  diodes 
function  to  clamp  the  integrator  and  prevent  an  unlimited  buildup  of  voltage  (zener 
breakdown  voltage  is  6.2V). 

Finally,  writing  the  equation  at  10d(t)  yields  Equation  (4-8)  and  after  some 
algebraic  manipulation,  Equation  (4-9)  results. 
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Revisiting  Equation  (4-1),  it  is  apparent  from  Equation  (4-9),  after  dividing 
through  by  ten,  that  the  coefficient  of  capacitor  current  (ic)  is  h,  the  coefficient  for  the 
integral  term  is  hn  and  the  coefficient  for  the  voltage  error  (V0-Vref)  is  hv  resulting  in 
Equations  (4-10)  through  (4-12) 
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(4-12) 
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From  Equations  (4-10)  through  (4-12),  it  is  apparent  that  once  the  gains  are  resolved 
resistor  values  for  U1C  and  U1D  in  Figure  (4-1)  can  be  determined. 

2.  Pole  Placement  and  Gain  Selection 

There  are  uncountable  alternatives  for  pole-placement  design.  In  general,  the 
design  should  produce  poles  with  roughly  equal  (and  high)  magnitudes,  spread  along  an 
arc  in  the  left-half  complex  (s)  plane.  Imaginary  parts  should  not  be  larger  than  real  parts 
for  any  pole  [20] . 

To  minimize  the  control  gains  a  Bessel  function  polynomial  approximation  was 
utilized  [22].  The  pole  locations  are  listed  in  Table  (4-1),  and  the  multiplication  factor, 
(CO),  is  27t500.  To  prevent  unwanted  controller  actions,  co  must  be  sized  at  least  one 
decade  below  the  radian  switching  frequency  (27l*20kHz).  In  general,  the  selection  of  co 
should  not  require  excessive  duty  cycle  control  effort,  which  introduces  unwanted  noise 
in  the  controller  [21]. 


Pole 

Location 

Si 

-0.7455co  +  j0.7112co 

s2 

-0.7455co- j0.7112co 

s3 

-0.9420co 

Table  4-1,  Bessel  Pole  Locations. 


Expanding  the  pole  locations  from  Table  (4-1)  into  a  third-order  polynomial 
yields  Equation  (4-13),  which  further  simplifies  to  Equation  (4-14). 

(S  +  0. 745 5 co  -  jO.  71  12<d) (S  +  0. 7455(0  +  jO.  7112(0 )(S  +  0.9420(0 )  (4-13) 
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(4-14) 


S3  +  7643.5S2  +2.43xl07  S  +  3.10xl010 

Next,  the  (S)  coefficients  from  the  denominator  of  Equation  (4-2)  and  the  (S) 
coefficients  from  Equation  (4-14)  were  equated  resulting  in  the  gains  listed  in  Table  (4- 
2).  These  gains  were  determined  using  E  =  500V,  L  =  ImH,  C  =  500|lF,  and  R  =  200G. 


Closed-Loop  Pole  Locations 

S  =  -2342.06  ±  j2234.30,  -2959.38 

Proportional  Voltage  Gain 

hv  =0  .017 

Proportional  Current  Gain 

h1  =  0.015 

Integral  Voltage  Gain 

hn  =  23.40 

Table  4-2,  Buck  Converter  Closed-Loop  Poles  and  Gains. 


Substituting  the  gains  listed  in  Table  (4-2)  into  Equations  (4-10)  through  (4-12)  allows 
calculation  of  the  remaining  resistor  values  for  Figure  (4-1).  It  should  be  noted  that  the 
following  was  assumed  when  carrying  out  the  calculations  for  the  final  resistor  values: 

•  U1 A  and  U1B  were  assumed  unity  gain, 

•  Rj  i3b,  C 1 07.  R 1 1 2G-  Rio6  in  Figure  (4-1)  were  arbitrarily  chosen. 

The  derivation  just  described  was  for  100%  loading.  To  ensure  the  system 
maintains  stable  operation,  pole  locations  must  be  reassessed  throughout  the  entire  load 
range.  Although  many  combinations  of  resistors  could  have  achieved  the  desired  results, 
this  project  kept  resistor  values  between  2k£2  and  200kG.  The  resistor  values  were  kept 
above  2k£2  to  ensure  that  op-amp  current  limit  was  not  exceeded  while  values  were  kept 
below  200k£2  to  minimize  noise  from  Electro-Magnetic  Interference  (EMI)  and  prevent 
interaction  with  op-amp  input  impedance.  Appendix  B  contains  the  MATLAB  code 
utilized  to  solve  for  the  unknown  gains  and  remaining  resistor  values. 

3.  Main  Control  Stage  Stability 

To  pictorially  verify  the  stability  of  the  control  system,  the  rise  time,  settling  time, 
steady-state  error,  and  the  overshoot  were  investigated.  Reference  [23]  defines  the 


49 


preceding  terms.  Rise  time  is  the  time  required  for  the  step  response  to  rise  from  10%  to 
90%  of  its  final  value.  Settling  time  is  the  time  required  for  the  system  output  to  settle 
within  a  certain  percentage  of  the  nominal  output.  Steady-state  error  is  the  error  when  the 
time  period  is  large  and  the  transient  response  has  decayed,  leaving  the  continuous 
response.  Finally,  overshoot  characterizes  the  amount  the  output  swings  past  the  steady- 
state  output  for  a  given  step  input. 

The  stability  of  the  control  system  was  verified  using  MATLAB.  The  open-loop 
frequency  response  was  first  investigated  followed  by  the  closed-loop  response. 

Open-loop  response  for  Rioad  equal  to  200  is  illustrated  at  the  top  of  Figure  (4-3) 
while  Rioad  equal  to  2000  is  pictured  at  the  bottom  of  Figure  (4-3). 
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Open-Loop  Bode  Diagrams  for  R  =  20ohm 


Open-Loop  Bode  Diagrams  for  R  =  200ohm 


Figure  4-3,  Open-Loop  Frequency  Response  for  100%  and  10%  Load. 
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The  crossover  frequency  in  Figure  (4-3)  is  the  frequency  at  which  open-loop  gain 
is  OdB.  Phase  margin  (PM)  is  180°  minus  the  phase  of  the  transfer  function  at  the 
crossover  frequency  (PM -48°  in  Figure  (4-3)).  The  gain  margin  (GM)  is  the  inverse  of 
the  open-loop  gain  magnitude  at  the  frequency  where  the  phase  is  180°  (GM  >  95dB  in 
Figure  (4-3)).  As  illustrated  in  Figure  (4-3)  with  both  PM  >  0  and  GM  >  0,  the  system  is 
stable. 

Next,  the  closed-loop  step  response  (for  a  change  in  Vref)  and  Bode  plots  for  Rioad 
equal  to  20£2  (100%  load)  are  illustrated  in  Figure  (4-4).  The  top  plot  is  the  step  response 
showing  the  rise  time,  settling  time,  peak  response,  and  the  time  to  reach  steady  state. 
MATLAB  contains  a  graphical  function  that  will  allow  all  these  points  to  automatically 
be  annotated  on  the  plot.  Appendix  B  contains  the  MATLAB  code  to  generate  the 
illustrated  plots. 
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Frequency  (rad/sec) 


Figure  4-4,  Step  Response  and  Closed-Loop  Frequency  Response  100%  Load. 
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The  step  response  and  bode  plots  for  Rioad  equal  to  200T1  (10%  load)  are 
illustrated  in  Figure  (4-5). 


Figure  4-5,  Step  Response  and  Closed-Loop  Frequency  Response  10%  Load. 
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As  can  be  determined  from  Figures  (4-4  and  4-5),  the  control  loop  system  is 
stable  throughout  the  entire  load  range.  LF347  Texas  Instrument  quad  operational 
amplifier  was  utilized  to  realize  the  control  loop  circuitry  illustrated  in  Figure  (4-1).  Data 
sheets  for  this  particular  chip  are  contained  in  Appendix  A.  The  output  of  the  control 
stage  10d(t)  is  fed  to  the  UC3637  PWM  chip  as  indicated  in  Figures  (3-9  and  3-11). 

C.  IGBT  DRIVER  BOARD  SELECTION 

The  IGBT  Driver  Board  is  fully  described  and  illustrated  in  Appendix  A.  A 
Semikron  SKHI 10/17  High  Power  Single  IGBT  Driver  meets  specification  requirements 
listed  in  Table  (2-1)  and  was  selected  for  this  design.  This  driver  is  capable  of  switching 
up  to  a  400A  IGBT  module  at  20kHz,  which  meets  or  exceeds  design  requirements 

The  driver  includes  a  user  input  voltage  level  selector  (+15V  or  +5V).  For  this 
design  +15V  was  selected  because  all  control  circuitry  utilized  ±  15V;  however,  the  card 
is  capable  of  TTL  input  operation.  As  outlined  in  Appendix  A,  the  +5V  logic  can  be 
realized  by  bridging  the  pads  marked  "Jl"  together.  For  long  input  cabling,  greater  than 
50cm,  +15V  is  recommended  due  to  EMI  considerations. 

A  simple  test  circuit  was  set  up  in  the  lab  to  test  the  driver  prior  to  full  circuit 
interface.  Figure  (4-6)  illustrates  the  required  connections  and  Appendix  A  contains  the 
detailed  testing  procedure. 
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Figure  4-6,  IGBT  Driver  Board  Test  Circuit. 


Waveforms  were  monitored  on  two  oscilloscope  channels.  Channel  two  was  set 
up  across  the  power  resistor  to  monitor  the  performance  of  the  IGBT,  while  channel  one 
monitored  the  function  generator  and  was  set  up  between  pin  2  and  pin  1 1  of  the  IGBT 
driver  board  input  connector.  All  other  performance  checks  were  followed  as  outlined  in 
Appendix  A. 

In  Figure  (4-6),  the  IGBT  driver  board  receives  its  input  on  pin  two  of  the  input 
connector  (14-pin  connector).  In  Figure  (4-6),  the  function  generator  is  feeding  pin  2  for 
test  purposes  only.  In  actual  circuit  interface,  pin  2  receives  its  input  from  the  PWM  chip 
pin  4,  which  is  labeled  Aoutin  Figure  (3-10).  The  output  of  the  IGBT  driver  board  is  pin 
3  of  the  5-pin  output  connector.  This  signal  is  directly  fed  to  the  gate  of  the  IGBT  at  pin 
7. 
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D.  CURRENT  AND  VOLTAGE  SENSOR  CIRCUITS 


To  obtain  the  required  inputs  to  the  control  circuit  in  Figure  (4-1),  current  and 
voltage  measurements  had  to  be  obtained  from  the  power  section  of  the  SSCM. 


1.  Current  Sensor  Circuit 


To  obtain  the  io/5  and  ii75  inputs  to  the  control  card,  the  circuit  in  Figure  (4-7) 
was  utilized  (note,  detailed  schematics  are  included  in  Chapter  V). 


Figure  4-7,  Current  Sensor  Circuit. 


The  theory  of  the  CL50  Hall-effect  sensor  was  described  in  Chapter  EL  From 
Figure  (4-7),  the  CL50  requires  a  ±  15V  supply  (discussed  in  Chapter  V).  Chapter  El 
stated  that  the  CL50  divides  whatever  current  flows  through  the  device  by  1000.  With 
this  in  mind,  average  full-load  current  anticipated  to  be  produced  by  the  CL50  would  be 
20A 

— - =  0.02A .  Next,  given  a  20012  resistor,  a  4V  signal  (i0/5  and  iL/5)  is  achieved.  The 


maximum  output  voltage  of  the  sensor  is  8V  corresponding  to  a  peak  converter  current  of 
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40A.  This  leaves  sufficient  headroom  for  dynamic  current  measurements  during 
transients. 

2.  Voltage  Sensor  Circuit 

To  obtain  the  required  voltage  inputs  to  the  control  circuit  in  Figure  (4-1),  voltage 
measurements  also  had  to  be  readily  available  from  the  power  section  of  the  SSCM. 
Figure  (4-8)  illustrates  where  the  measurements  were  obtained. 


As  shown  in  Figure  (4-8),  Vm  (E)  and  Vout  are  taken  from  the  input  filter  section  and 
power  section,  respectively.  Both  signals  are  immediately  sent  through  voltage  divider 
networks  consisting  of  270k£2  and  2.7kF>  resistors.  The  zener  diodes  (DA101  and 
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DA201)  prevent  excessive  voltages  from  entering  the  main  control  board.  Equation  (4- 
16)  provides  an  example  of  the  output  to  A1  (AD215  located  on  the  main  circuit  board). 
Assuming  Vout  =  400V: 


Vaivi  ~  Vout  x 


2. 7kkl 


2.7k£l  +  270kQ. 


4V 


(4-16) 


This  simple  circuit  takes  the  high  voltage  from  the  power  section  and  provides  a  much 
lower  voltage  to  be  used  in  the  control  circuitry  of  Figure  (4-1).  Circuit  interface  will  be 
discussed  in  Chapter  V. 

E.  SUMMARY 


This  chapter  focused  on  the  development  of  the  control  circuit  for  the  SSCM. 
Also  introduced  were  the  sensor  circuits  that  provide  the  required  inputs  for  the  control 
circuit.  Figure  (4-1).  Stability  verification  was  obtained  using  MATFAB,  and  proof  of 
stability  was  illustrated  via  Bode  plots.  In  Chapter  V,  circuit-labeling  schemes  are 
presented.  Furthermore,  detailed  explanations  of  the  protection  circuitry,  power  supply 
and  buffer  stage  are  discussed.  Also  presented  in  the  next  chapter  are  the  detailed 
schematics  of  all  the  sub-circuits.  Placement  of  all  schematics  in  Chapter  V  will  allow 
the  user  to  reference  one  chapter  for  all  circuits  in  the  SSCM. 
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V.  OVERALL  CIRCUIT  LAYOUT  AND  SCHEMATICS 


A.  PURPOSE 

The  purpose  of  this  chapter  is  to  unify  the  concepts  introduced  in  Chapters  H-IV. 
Schematics  of  the  final  product  are  illustrated  and  a  functional  description  of  each  circuit 
and  how  they  interconnect  is  presented.  Circuit/schematic  labeling  is  explained  and 
problems  (if  encountered)  in  the  assembly  of  the  dc-dc  converter  are  addressed. 

Appendix  C  contains  a  component  parts  list  of  each  major  sub-assembly  discussed.  The 
purpose  of  the  parts  list  is  to  provide  a  ready  reference  to  assist  in  the  construction  of 
additional  units  in  the  future. 

B.  CIRCUIT  BOARD  BACKGROUND 

1.  Board  Cutting 

Circuit  board  development  was  accomplished  using  Protel  Easytrax  software, 
version  2.06.  Easytrax  allowed  layout  and  component  interconnection  on  two  layers 
(front  and  back).  The  software  and  necessary  hardware  were  available  at  the  Naval 
Postgraduate  School.  ET3  Yenko,  lab  assistant,  manufactured  all  printed  circuit  boards 
for  the  SSCM. 

All  circuit  boards  were  cut  so  that  there  were  two  separate  ground  planes:  one 
isolated  ground  section  for  high  voltage  and  a  control  card  ground  plane.  Thermal  pads 
were  added  at  all  connection  points  on  the  ground  planes  for  ease  of  soldering.  A  thermal 
pad  is  a  star  cut  around  a  hole  in  the  copper  made  to  reduce  heat  flow  during  soldering. 
Due  to  physical  cabinet  size  limitations  and  desired  circuit  board  location,  the  board  was 
designed  to  ensure  that  all  components  would  fit  on  a  10.75-inch  by  6-inch  board.  This 
proved  to  be  challenging  since  one  goal  was  to  limit  the  amount  of  "vias"  on  the  board. 

A  "via"  is  simply  a  jumper  through  which  a  signal  on  one  side  of  the  board  is  made 
available  on  the  other  side  of  the  board.  Trace  widths  were  chosen  based  on  perceived 
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current  flow;  thus  power  supply  traces  are  significantly  wider  than  signal  traces. 
Connectors  were  placed  strategically  near  the  board  edge  to  ensure  ease  of  user  access. 
Additionally,  enough  real  estate  was  made  available  to  accommodate  heat  sinks  for  the 
linear  voltage  regulators,  LM  7815  and  LM  7915. 

Once  a  printed  circuit  board  was  developed,  a  netlist  was  compiled.  The  netlist 
associates  integrated  circuits  with  resistors,  capacitors,  and  diodes  allowing  connections 
to  be  verified.  Netlists  and  component  lists  are  provided  in  Appendix  D.  Once  a  printed 
circuit  board  was  completed,  a  Gerber  file  was  generated.  The  purpose  of  the  Gerber  file 
is  to  direct  the  milling  machine  to  drill  at  the  required  locations  for  component  placement 
on  the  circuit  board.  Circuit  layout  printouts  from  Easytrax  are  provided  in  Appendix  D. 

2.  Circuit  and  Schematic  Labeling  Schemes 

To  ensure  ease  in  locating  components  and  to  understand  their  function  in  the 
circuit,  a  labeling  system  was  developed.  The  first  symbol  represents  the  physical 
component,  for  example: 

•  C:  capacitor, 

•  A:  AD215  voltage  isolators  (A1-A2), 

•  D:  diode, 

•  R:  resistor, 

•  S:  switch  (SI), 

•  U:  IC  chip  (U1-U9), 

•  J:  connector  or  BNC  connection  (J1-J10), 

•  Q:  transistor  (Q1-Q3). 

The  second  digit  represents  what  IC  the  component  is  associated  with,  for  example: 

•  R3:  resistor  associated  with  IC  #3, 

•  Cl:  capacitor  associated  with  IC  #1. 

The  third  and  fourth  digit  tell  what  pin  number  the  component  is  connected  to,  for 
example: 

•  R109:  resistor  associated  with  IC  #1  pin  9, 


62 


•  C210:  capacitor  associated  with  IC  #2  pin  10. 

If  multiple  components  of  the  same  type  are  connected  to  the  same  pin  of  an  IC,  a  letter 
suffix  is  added.  For  example,  R102A,  R102B,  and  R102C  are  three  separate  resistors 
connected  to  IC  #1  pin  2. 

Other  suffixes  used  are  listed  below: 

•  G:  ground, 

•  Q:  transistor, 

•  H:  VCC  high, 

•  L:  VCC  low, 

•  Z:  identifies  a  jumper. 

A  few  final  examples  of  circuit  labeling  are  offered: 

•  R603H:  resistor  associated  with  U6  pin  3  and  VCC  high, 

•  J9VS:  connector  J9  from  voltage  sensors, 

•  J1CS:  connector  J1  from  current  sensors, 

•  J2FP:  connector  J2  from  front  panel. 

C.  CIRCUIT  DIAGRAMS  AND  DESCRIPTIONS 

This  section  documents  the  hardware  implementation  of  the  buck  converter  as 
well  as  the  associated  sensor  and  control  circuits,  and  driver  board.  Each  subsection  is 
organized  so  that  it  contains  a  detailed  schematic  and  description  of  the  circuit.  If  further 
detail  is  desired,  Appendix  D  contains  the  Easytrax  schematics  and  the  netlists. 

1.  SSCM  Buck  Converter  Topology 

Figures  (5-1)  and  (5-2)  illustrate  the  layout  for  the  buck  converter  input  filter, 
power  section,  and  circuit  feeds  to  the  voltage  and  current  sensing  circuits.  Components 
for  the  input  filter  and  power  section  were  discussed  in  Chapter  III.  The  following 
provides  the  general  flow  for  the  overall  system: 
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•  500VDC  input  power  source  is  applied  to  the  range  plug  located  on  the  rear 
panel  of  the  SSCM.  This  is  depicted  as  the  block  containing  (E  =  500V)  in 
the  schematic  above. 

•  In  Figure  (5-1),  sensed  voltages  from  the  voltage  divider  networks  are  sent  via 
twisted  pair  to  J9VS  (located  on  the  main  circuit  board).  Through  this  voltage 
divider  network,  Vin/100  and  Vout/100,  via  a  buffering  circuit,  are  made 
available  to  the  control  circuitry. 

•  As  illustrated  in  Figure  (5-2),  sensed  currents  are  sent  to  the  main  control 
board  via  Hall-effect  sensors  located  underneath  and  aft  of  the  main  circuit 
board.  A  200£2  resistor  (located  on  the  Hall-effect  sensor  board)  provides  the 
necessary  scaling  factor  to  achieve  IL/5  and  Iout/5,  which  are  then  made 
available  to  the  control  circuitry  via  the  buffering  circuitry.  Scaled  currents 
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enter  the  main  control  board  through  connector  J1CS  (illustrated  in  a  later 
section). 


•  The  control  circuitry  processes  the  voltages  and  currents  according  to  the 
developed  control  algorithm  outlined  in  Chapter  IV. 

•  The  generated  driver  signal  from  the  control  board  is  sent  to  the  PWM 
circuitry.  The  PWM  signal  is  sent  to  the  IGBT  driver  board  to  gate  the  IGBT. 

With  this  general  flow  of  events  outlined,  a  more  detailed  description  is  presented. 
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2. 


Sensor  Boards 


Pictured  in  Figures  (5-3)  and  (5-4),  the  sensor  circuits/boards  provide  isolation 
between  the  buck  chopper  power  section  and  the  control  board.  Sensed  voltages  from  the 
voltage  divider  network  on  the  buck  converter  are  sent  via  twisted  pair  wires  to  the  input 
of  the  wideband  AD215  isolation  units.  Configured  as  unity  gain  buffers,  the  AD215s 
output  the  sensed  voltages  and  send  them  to  the  buffer  stage  located  on  the  main  circuit 
board. 

Current  sensing  is  achieved  by  the  use  of  the  CL50  mounted  on  its  own  circuit 
board  underneath  the  main  circuit  board  (Figure  (5-4)).  Instantaneous  currents 
proportional  to  (iSensed/1000)  are  output  by  the  Hall  sensors.  These  currents  are 
immediately  converted  to  proportional  voltages  by  200f2  resistors  located  on  the  current 
sensing  board  next  to  the  CL50.  The  signals  obtained,  (isensed/5),  are  sent  to  J1CS  pins 
four  and  five  via  ribbon  cable. 
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Figure  5-3,  Voltage- Sensing  Circuit 
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Figure  5-4,  Current- Sensing  Circuit. 


3.  Main  Circuit  Board 


The  main  circuit  board  can  be  broken  down  into  five  subsections: 

•  Power  supply  stage, 

•  Buffer  stage, 

•  Main  control  stage, 

•  Pulse  width  modulation  stage, 

•  Protection  circuitry  stage. 

A  schematic  and  discussion  of  each  of  the  subsections  follows. 
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a.  Power  Supply  Stage 

Illustrated  in  Figure  (5-5),  the  power  supply  receives  ~  1 1 7VAc,  60Hz 
receptacle  power  through  a  36Vct/lA  step-down  transformer.  The  thirty-six  volt 
transformer  output  enters  the  main  circuit  board  through  J10AC  where  the  voltage  is 
rectified  to  produce  (±)  28.2VDC  (measured).  The  voltage  is  then  sent  into  voltage 
regulators  U8P  (+15V)  and  U9N  (-15V). 


Figure  5-5,  Main  Circuit  Board  Power  Supply. 


From  the  voltage  regulators,  (±)  15VDc  is  distributed  via  busses  located  on  the  main 

circuit  board.  This  voltage  is  used  to  power  all  of  the  integrated  circuits  on  the  main 
circuit  board.  Actual  output  values  were: 

•  U8P  pin  three  positive  voltage  =  1 5 . 1 9  VDC, 

•  U9N  pin  three  negative  voltage  =  15.20  VDc- 
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b.  Buffer  Stage 


As  stated  previously,  the  scaled  currents  and  voltages  enter  the  main 
circuit  board  through  J1CS  and  J9VS,  respectively.  From  J1CS  and  J9VS  (and  then 
through  the  AD215s),  the  inputs  are  buffered  utilizing  a  LM324  quad  op-amp  (labeled 
U2)  as  illustrated  in  Figure  (5-6).  Each  buffer  stage  input  contains  an  RC  lowpass  filter 
designed  to  remove  high-frequency  components  from  the  measured  voltages  and 
currents.  Using  Equation  (5-1),  the  cutoff  frequency  for  each  filter  is  set  at  20.095kHz 
(near  the  switching  frequency  of  the  IGBT).  The  frequency  was  initially  set  at  1.8kHz; 
however,  during  testing  it  was  found  not  to  be  required  since  the  input  to  the  PWM  chip 
possesses  a  1.8kHz  filter.  The  LM324  outputs  are  fed  to  the  main  control  stage. 
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Figure  5-6,  Buffer  Stage. 
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c. 


Main  Control  Stage 


The  main  control  stage  is  where  Equation  (4-1)  is  implemented.  The 
output  of  this  stage  is  the  duty  cycle,  d(t),  scaled  by  a  factor  of  ten.  The  main  control 
stage  was  described  in  detail  in  Chapter  IV  and  is  illustrated  in  Figure  (5-7).  In  addition 
to  the  buffer  stage  inputs,  the  signal  representing  the  desired  output  voltage,  -Vref/100,  is 
fed  into  the  main  control  stage  from  the  protection  and  startup  circuitry  stage. 


Figure  5-7,  Main  Control  Stage. 


The  control  algorithm  is  performed  using  an  LF347  quad  op-amp.  The 

first  three  op-amps  in  the  package  form  the  proportional  voltage  (U1B),  integral  voltage 

(U1C),  and  current  response  terms  (U1A).  Note  that  a  limited  integrator  has  been  used  to 

generate  the  integral  voltage  term.  This  configuration  prevents  integrator  windup  as 

previously  defined  in  Chapter  IV.  Without  the  limiting  zener  diodes  in  place,  C107  is  free 

to  charge  up  during  extended  transients  to  values  well  outside  the  range  in  which  its 

voltage  affects  duty  cycle.  As  a  result,  the  voltage  on  C107  locks  out  the  remaining  terms 
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in  the  duty  cycle  control  algorithm.  This  lockout  persists  until  C107  comes  back  within  its 
operating  range.  The  final  op-amp,  U1D,  is  used  to  scale  and  sum  the  outputs  of  the  first 
three  op-amps.  The  output  of  the  main  control  stage  feeds  the  user  select  switch,  SW1 
(eight  position  dip  switch),  located  on  top  of  the  main  circuit  board.  When  this  switch  is 
positioned  with  one  and  two  in  the  "on"  position,  the  signal  is  fed  to  the  pulse  width 
modulation  stage.  In  Figure  (5-8),  the  user  select  switch  is  illustrated.  The  schematic 
details  all  SW1  switch  positions.  The  closed  position  in  the  schematic  is  equivalent  to 
"on"  in  the  table.  The  user  select  switch  allows  the  operator  to  either  utilize  the  controller 
inside  the  SSCM  or  to  simply  use  an  externally  generated  duty  cycle.  In  the  latter  case, 
SWl-2,3  (switch  1,  position  2  and  3  "on")  would  be  placed  in  the  "on"  position  and  the 
BNC  labeled  J4DR  would  be  interfaced  with  the  desired  external  duty  cycle  signal. 


User  Select  Switch 
SW1 


(Thru  R114Z  from  U1-14)< 


From  U3-4  thru  D304K, 
(RSW1) 


J4DRBNC  ^ 
External  duty  cycle  signal 


TZ7" 


6-/-0 

4A  4R 


►(R311.U3-9.il) 


r 


+15V  RJ303 

° - Wi— 


10k 


Table  for  switch  SW1 


Warning:  Do  not  use  front  panel  BNC  connectors  to  monitor  while  in  test  mode  due 
to  excessive  noise  introduction  into  the  control  loop 


J3DR 


sw# 

POSITION 

FUNCTION 

4 

ON 

Connects  FP  directly  to  IGBT  Driver  0-15V 

3 

ON 

Connects  Front  Panel  to  PWM  input  0-1 0V  d(t) 

2 

ON 

NOTE:  Close  together,  uses  external  duty  cycle  signal 

2 

ON 

Test  Mode  Integral  Contoller 

1 

ON 

NOTE:  Close  together,  uses  SSCM  controller  and  PWM  chip 

o 

o 

0 

0 


0 

0 


13 


o 

o 

0 


12 


14 


a 

0 

0 


►(U3-14.U5-11.R51  IQ) 


+  15V 


1 


Figure  5-8,  User  Select  Switch. 
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d.  Pulse  Width  Modulation  Stage 

Illustrated  in  Figure  (5-9)  is  the  pulse  width  modulation  (PWM)  stage. 

The  PWM  stage  is  comprised  of  the  UC3637  chip.  When  the  user  select  switch  is 
positioned  so  that  one  and  two  are  in  the  "on"  position,  the  duty  cycle  from  the  main 
control  stage  is  received.  The  function  of  this  stage  is  to  produce  a  20  kHz  PWM  signal 
(0-15V)  to  feed  the  IGBT  driver  board  that  in  turn  gates  the  IGBT  as  per  the 
specifications  dictated  by  ESAC.  Frequency  was  determined  by  calculating  the  required 
values  of  R318  and  C302  as  described  in  the  UC3637  data  sheets.  Chapter  III  detailed  the 
process.  The  actual  measured  frequency  is  20.38kHz. 

R311  and  C311  were  selected  to  provide  approximately  one-decade 
frequency  separation  between  the  input  signal  and  the  IGBT  switching  frequency  (fcutorr= 
1.88kHz).  D311  functioned  to  limit  the  input  to  ten  volts.  The  duty  cycle  represents  a 
signal  between  zero  and  100  percent  or  equivalently  zero  to  ten  volts.  For  example,  eight 
volts  equals  80  percent  duty  cycle.  D311  therefore  functions  to  maintain  the  duty  cycle 
below  100%  (-95%).  This  wanted  limitation  avoids  the  possibility  of  a  narrow  pulse 
near  100%  duty  cycle,  which  in  turn  prevents  the  IGBT  from  turning  on.  R313  and  C313 
are  part  of  the  protection  circuitry  and  will  be  described  in  the  next  section.  D301  sets  the 
upper  threshold  voltage  at  10V  as  described  in  Chapter  HI  (Equations  (3-14)  and  (3-15)). 
Detailed  specification  sheets  for  the  UC3637  are  located  in  Appendix  A. 
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10d(t) 


From  (SW1) 
DIP  SWITCH 


R311 

-Wr 


-Wi - 1 — 

1.8k 

2311  -L- 


D311 


C3i 

0.047uF“T  10V 


R313 

-ar 

R313 

~Mr 

R313G 

ISr 

C31 3 


J1N5240B 


iL/5  (U2-8.9.  R110,  R208Z) 


Shtgdo\ 


(U3-14) 


Shutdown 

Circuit 


< 


0.22uF  £~ 

(R316A,  R316B,  C317,  D317K) 

(U7-3,  C317,  D317A)  °— 


-Ain 

-Bin 

U3 

+Ain 

+Bin 

+C/L  PWM  CIRCUIT 

Bout 

UC  3637 

-C/L 

+Vs 

Shutdown 

-Vs 

+E/A 

Aout 

-E/A 

-Vth 

E/A  Output 

CT 

Iset 

+Vth 

Bypass  Capacitors 

+15V  -15V 

5 

t 

C305  1 

C306  - 

0.1  uF 

[°'T 

U3  -  LF3637 


2200pF 


Driver  Signal 


RSW1 

4.7k 


-15V 


Notes: 

1)  1 N4148  is  a  high  frequency  diode 

2)  Actual  frequency  achieved,  20.38kHz 

3)  R208Z  represents  a  jumper 

4)  Piggy-backed  R313  (9.1  k,  13k)  to  achieve  5.35k  to  set 
voltage  divider  at  7.8V 


Figure  5-9,  Pulse  Width  Modulation  Stage. 


e.  Protection  Circuitry  Stage 


The  analog  controller  provides  the  buck  chopper  with  two  forms  of 
protection.  The  first  is  the  pulse-by-pulse  current  limiting  feature  of  the  UC3637  chip. 
This  simple  circuit  protects  the  Semikron  IGBT  from  exceeding  its  100A  current  rating. 
Referring  to  Figure  (5-9),  pins  12  and  13  comprise  this  circuit.  The  voltage  signal  from 
the  current  sensor  board,  ijV5,  is  applied  to  pin  12.  If  a  fault  occurs  at  the  output  of  the 
dc-dc  converter,  ii75  will  increase.  The  voltage  at  pin  13  is  fixed  by  the  voltage  divider 
network  consisting  of  the  piggyback  resistors  R3i3  and  R3i3Gand  the  +15. 19V  (measured) 
power  supply.  If  its  peak  exceeds  the  voltage  divider  network,  which  is  set  at  7.8V  (8V 
due  to  a  200mV  built-in  IC  offset,  see  spec  sheet  in  Appendix  (A)),  the  IGBT  driver 
signal  coming  from  U3  pin  four  will  go  low.  The  PWM  chip  will  evaluate  the  current  at 
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the  switching  frequency.  The  IGBT  will  remain  open  until  the  peak  inductor  current  falls 
below  this  overload  threshold  value. 

The  second  protection  circuit  is  over-current  time-out.  Part  of  this  circuit 
is  illustrated  in  Figure  (5-10);  the  circuit  in  its  entirety  is  shown  in  Figure  (5-11).  This 
circuit  protects  components  from  thermal  damage  when  the  output  current  exceeds 
~  100%  rated  (20A)  and  is  set  to  time-out  in  300msec  at  -125%  rated  current  (25 A).  A 
description  of  the  circuit  operation  and  design  is  presented  next. 


^  r  i0/5  15.2V 

D317  prevents  the  integrator  from  operating  until  — - > - 

F  &  n  &  loOkO 


(  nsincr 


the  actual  negative  supply  voltage  of  -15.2V)  or  (iG  >  20.52A).  Thus  R316A  and  R316B 
establish  the  set  point  for  the  beginning  of  integrator  operation.  Once  i0  exceeds  20.52A 
(found  to  be  21.82A  experimentally),  C317  begins  to  charge  linearly  based  on  a  constant 
overload  current. 


74 


The  comparator  circuit  consisting  of  U7,  R704,  and  R702  establishes  the  trip 
voltage  of  the  integrator  at  -10.133V  (using  the  actual  negative  supply  voltage  of -15.2V). 
If  a  constant  125%  overload  current  is  assumed,  then  the  time  to  trip  the  circuit  may  be 

AV 

determined  as  follows.  Given  that  I  =  C - where  C  =  luF,  AV  =  10.133V,  and  I  = 

At 

(25A-20.52A)/(5*27k£2)  =  331.185(lA  (using  b,  =  25 A),  At  =  305msec.  Note,  this  can  be 
placed  in  one  equation  and  solved  using  Equation  (5-2)  where  Vout  refers  to  the  output  of 
U3. 


^ out 


t 

■II 


R316BC317 


(jo  /  5)  + 


R316AC317 


{-15.2V) 


dt  +  vout(t  =  0 )  (5-2) 


Choosing  to  solve  for  the  time,  all  values  from  Figure  (5-10)  are  directly  substituted  into 
Equation  (5-2)  and  the  expression  is  integrated  from  0  to  t.  The  initial  value  of  vout(t)  is 
zero  and  the  final  value  is  -10.133V.  After  substitution,  Equation  (5-2)  reduces  to 
Equation  (5-3). 


-10.133V  =  -185. 185t  +  152t  (5-3) 

Solving  for  the  trip  time  yields  t~  305msec.  A  similar  analysis  can  be  performed  for 
additional  values  of  continuous  overload  current.  Results  are  summarized  in  Table  (5-1). 


Io 

At 

21A 

2.851  sec 

22A 

0.924  sec 

23A 

0.552  sec 

24A 

0.393  sec 

30A 

0.144  sec 

Table  5-1,  Theoretical  Over-load  Circuit  Trip  Times. 
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As  just  described,  the  op-amp  in  U3  (pins  15-17)  was  designed  such  that 
io/5  =  5V  causes  pin  17  to  reach  -10.133V  in  approximately  300msec.  This  voltage  trips 
comparator  U7  high  and  causes  U5B  (latch)  and  U5D  (fault  summer,  see  Figure  (5-11)) 
to  go  high.  This  signal  is  sent  directly  to  U3  pin  14  initiating  a  shutdown  at  pin  14.  This 
shutdown  signal  immediately  disables  the  driver  signal  at  pin  4  of  U3,  stopping  buck 
chopper  operation. 

The  startup  circuitry  depicted  in  Figure  (5-11)  allows  the  duty  cycle  to 
ramp  up  to  its  steady-state  value  from  zero  initial  conditions.  When  the  controller  is 
initially  energized,  U5A  goes  high  due  to  a  +15V  pulse  generated  by  the  RC  circuit  at  pin 
1  of  OR  gate  U5A  (RC  circuit  is  made  up  of  C501  and  R50i).  As  a  result,  U5D  goes  high 
turning  on  Q1  (and  disables  the  PWM  chip).  With  Q1  "on",  capacitor  C603  is  effectively 
"shorted"  making  pin  3  of  U6A-0V  preventing  a  reference  signal  from  being  generated. 
This  action  prevents  a  high  duty  cycle  waveform  from  being  generated  during  start-up, 
which,  could  result  in  large  current  and  voltage  oscillations  possibly  damaging  the 
converter.  By  resetting  the  over  temperature  push  button  on  the  front  panel,  Q1  is  turned 
"off"  and  the  reference  voltage  is  allowed  to  "ramp-up".  Reference  voltage  is  controlled 
from  the  front  panel  by  adjusting  the  potentiometer  and  monitoring  the  front  panel  digital 
meter.  The  reference  voltage  ramps  up  to  its  final  set  point  through  the  action  of  the  RC 
time  constant  set  by  R6o3  and  C603  (x  =  1  sec).  U5C  was  not  utilized  in  the  design  and 
was  therefore  grounded  to  prevent  possible  interference. 

Over-temperature  control  was  achieved  by  the  use  of  a  thermistor  switch 
(see  Appendix  C),  which  is  located  directly  above  the  IGBT  (on  the  same  heat  sink). 
When  the  temperature  exceeds  157  degrees  Fahrenheit  (70°C),  the  thermal  switch  pulls 
pin  1  of  U5A  high  through  J1CS-1.  This  causes  a  shutdown  and  lights  the  TEMP  LED 
on  the  front  panel  to  warn  the  operator.  Note,  once  the  temperature  has  decreased  below 
157  degrees,  the  user  must  reset  the  LED  by  depressing  the  over  temperature  pushbutton 
on  the  front  panel  (see  Figure  (2-2),  front  panel).  Thermistor  selection  was  based  on  the 
upper  temperature  parameter  of  the  IGBT  (85°C). 

Both  over-current  time-out  and  thermal  overload  can  be  reset  using  the 
front  panel.  However,  if  the  protection  circuitry  in  the  "smart"  IGBT  driver  board  is 
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activated  due  to  a  fault  condition,  all  input  power  must  be  removed  from  the  converter 
and  the  control  power  must  be  cycled  off  and  on  to  reset  the  card  (no  LED  indication  for 
this  fault).  This  condition  was  inadvertently  tested  at  full  voltage  by  mistakenly 
switching  from  a  25%  load  condition  to  a  short-circuit  load  during  transient  testing.  The 
converter  survived  the  ordeal,  but  the  external  transient  load  switch  was  destroyed. 
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4. 


IGBT  Driver  Board 


As  previously  discussed,  the  IGBT  driver  board  utilized  in  this  design  was 
Commercial-Off- The-Shelf  (COTS)  Technology  from  SEMIKRON.  Detailed  schematics 
and  circuit  operation  are  described  in  Appendix  A.  The  only  modification  to  the  driver 
board  was  to  bridge  the  solder  gap  (J2).  When  only  one  IGBT  is  to  be  gated,  this  is  a 
recommended  procedure. 

The  output  of  U3-4,  the  gating  signal,  goes  through  fast  recovery  diode 
D304  directly  to  the  IGBT  driver  card  through  J3DR-2  (see  Figures  (5-9)  and  (5-13)).  D304 
functions  to  pass  only  the  positive  portion  of  the  signal  leaving  U3-4.  This  signal  is  fed 
to  the  14-pin  connector  pin  2  on  the  IGBT  driver  board.  The  output  of  the  driver  board 
exits  the  5-pin  connector  at  pin  five  which  connects  directly  to  the  gate  of  the  IGBT. 

5.  Miscellaneous  Schematics 

Figures  (5-12)  through  (5-15)  illustrate  the  wiring  for  all  connectors  utilized  in  the 
design  process.  Figure  (5-12)  pictures  the  BNC  connectors  located  on  top  of  the  main 
circuit  board.  These  BNC  connections  were  provided  for  operator  convenience.  Each 
main  circuit  card  BNC  is  connected  directly  to  the  front  panel  of  the  SSCM  in  order  to 
allow  monitoring  of  system  variables,  see  Figure  (2-2). 

In  the  four  schematics  that  follow,  circuit  interfaces  are  written  next  to  the 
applicable  pin  number  on  the  BNC  or  the  fourteen-pin  connector.  If  connector  pins  are 
not  used,  the  schematic  will  contain  a  note  to  indicate  which  pins.  The  only  connector 
schematics  absent  in  this  section  are  the  pin  layouts  for  the  IGBT  driver  board.  Detailed 
schematics  for  the  IGBT  driver  board  and  all  its  connectors  are  offered  in  Appendix  A. 
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Figure  5-12,  BNC  Connectors  on  Main  Circuit  Board. 


Figure  5-13,  J3DR  14-Pin  Connector  on  Main  Circuit  Board. 
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D.  PHYSICAL  COMPONENT  LAYOUT 


The  purpose  of  this  section  is  to  provide  pictures  of  the  SSCM  during  the 
assembly  stages.  Figure  (5-16)  depicts  the  assembled  front  and  rear  panels  that  were 
illustrated  in  Figures  (2-2)  and  (2-4).  The  3A  fuse  is  for  protection  of  the  1 15Vac  input 
line  while  the  30A  fuse  protects  the  dc  input  line. 


Figure  5-16,  SSCM  Front  and  Rear  Panel. 
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In  Figure  (5-17),  the  placement  of  the  heat  sink,  input  filter,  and  power  section  is 
illustrated.  To  ensure  maximum  airflow  across  the  heat  sink  fins,  two  fans  were  placed  in 
the  enclosure.  The  left-most  fan  pushes  air  into  the  unit  while  the  right-most  fan 
functions  to  force  air  across  the  fins  and  out  the  rear  of  the  heat  sink  and  unit.  The  high 
heat  generating  components  were  placed  on  or  near  the  heat  sink  (IGBT  attached  to  the 
heat  sink  side,  power  section  inductor  placed  in  front  of  heat  sink).  The  input  filter 
inductor  produces  minimal  heat  therefore  its  placement  was  not  critical.  An  aluminum 
central  support  was  installed  to  enhance  ruggedness  and  provide  support  for  the  input  and 
output  capacitors  and  for  the  mounting  of  the  current  sensor  boards. 


I/O  Plug  Rear  Panel 


Fan 


Fuse  holders 


IGBT 


Heat  SijUt 


Power  Sect 
Capacitors 


,  Placement 


Filter 

Inductor 


Fan 


Power 

Induct 


Mounting  Plate 


_ 

Potentiometer 


BNCs 


•  Aluminum  Support 

Main  Circuit 

Board  Mounts  ,Current  Sensor 


Man  Circuit 
Board  Mounts 


Front  Panel  ON/OFF  Switch 


Figure  5-17,  Heat  Sink,  Input  Filter  and  Power  Section  Placement. 
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In  Figure  (5-18),  the  damping  circuit  is  added  to  the  input  filter,  the  IGBT  is 
installed  onto  the  heat  sink,  the  current  sensor  board  platform  is  installed,  and  the 
platform  brackets  for  the  main  circuit  board  are  attached  to  the  side  of  the  cabinet.  The 
IGBT  has  additional  components  attached  to  it  (MOV  and  2.2pF  high  frequency 
capacitors  depicted  in  Figure  (5-2)).  Also  illustrated,  angled  aluminum  was  placed  along 
the  perimeter  of  the  SSCM  to  provide  ruggedness  and  durability. 


IGBT  Install 


45 uF  Cap 
Install 


Main  Circuit 
Board  Supports 


Circuit 


ports 


Current  Sensor  Board  Platform 


Figure  5-18,  Input  Filter  Dampening  Circuit  and  IGBT  Install. 
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Figure  (5-19)  depicts  the  installation  of  the  115V/30V  transformer,  thermistor 
switch,  and  current  sensor  circuits.  The  wiring  for  the  transformer  and  current  sensors 
are  labeled.  Also  pictured,  the  power  section  inductor  is  wired  through  the  current  sensor 
to  the  IGBT.  Care  was  taken  to  ensure  the  wire  was  placed  in  the  center  of  the  current 
sensor  aperture.  The  twisted  pair  wires  from  the  current  sensor  boards  feed  J1CS  (see 
Figure  (5-2)).  The  thermistor  wire  also  feeds  J1CS  pin  1  as  seen  in  Figure  (5-11).  The 
transformer  wiring  is  fed  through  the  bottom  of  the  main  circuit  board  into  J10AC. 


Transformer  Connections  to  J10AC 
Transformer  Install  Current  Sensor  Install 

•I 


To  IGBT  Driver 
Board?  Pin 
Connector 


•  Rear  Panel 


Current  Sensor 
Board  Wires  to 
J1CS 


Thermistor  Location 


Figure  5-19,  Transformer,  Current  Sensors,  and  Thermistor  Install. 
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Figure  (5-20)  illustrates  the  installation  of  the  digital  meters,  LEDs,  and 
temperature  and  current  reset  pushbuttons.  The  1 15V  wiring  comes  in  from  the  rear 
panel  and  connects  to  the  on/off  switch  on  the  front  panel.  From  the  switch,  1 15V  is 
routed  to  the  transformer.  In  the  upper  right  corner  of  Figure  (5-20),  elbows  are  attached 
to  the  BNC  connectors  to  re-route  the  control  signals  (d(t),  1l/5,  i0/5,  Vin/100,  and 
Vout/100)  to  provide  sufficient  clearance  for  the  main  circuit  board  install.  The  BNC 
signal  wires  are  routed  underneath  the  main  control  board  and  connected  to  the  main 
control  board  at  connectors  J4  through  J8  as  illustrated  in  Figure  (5-12).  The  1  kF> 
potentiometer  functions  to  adjust  the  duty  cycle  from  the  front  panel  and  is  seen  in  the 
center  of  Figure  (5-20).  Also  pictured,  angled  aluminum  support  is  installed  at  the 
bottom  of  the  SSCM  to  provide  durability. 


BNC  Elbows 


Digital  Meter  Install 


Angled  Aluminum  Support 


Pushbutton  Resets  lkflo-ohm  Potentiometer 


115  V  in 
from  Rear : 
Panel 


115V  Switch 


Meter  Wires 
to5V  KEPCO 
Power  Supply 


Figure  5-20,  Meter,  LED,  and  Pushbutton  Install. 
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Figure  (5-21)  pictures  the  installation  of  the  main  circuit  board  and  the  IGBT 
driver  board.  The  other  end  of  the  elbow  BNC  connectors  from  Figure  (5-20)  are  routed 
underneath  the  main  control  board  and  connected  to  the  top  of  the  main  circuit  board  as 
seen  in  Figure  (5-21).  This  photo  displays  all  connections  to  the  main  circuit  board  and 
IGBT  driver  board.  The  main  circuit  board  houses  the  buffer  stage,  control  stage,  PWM 
stage,  user  select  switch,  voltage  divider  network,  and  protection  and  start-up  circuitry. 
All  connectors  and  circuits  have  been  discussed  and  their  detailed  schematics  provided  in 
Chapter  V.  Table  (5-1)  summarizes  of  the  connectors  and  circuits  in  the  SSCM  and 
provides  the  applicable  figure  number(s). 


J1CS 


Vin  Vout  Ii  lout  User  Select  Switch  J3DR 


J9YS  J2FP  Circuit  Card  Install 


IGBT  Driver  Board 


fit  ■ 
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VMM  <DI 
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Board  5-Pin 
Connector 


IGBT  Driver 
Board  5-Pin 
Connector 


Figure  5-21,  Main  Circuit  and  IGBT  Driver  Board  Install. 
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Connector/s  or  Circuit 

Figure  Number(s) 

J1CS 

5-2,  5-4,  5-6,  5-11,5-14 

J9VS 

5-1,  5-3, 

J2FP 

5-10,5-11,5-15 

J4-J8 

5-6,  5-12 

J3DR 

5-8,5-11,5-13 

J10AC 

5-5 

Voltage  Sensing  Circuit 

5-1,  5-3 

Current  Sensing  Circuit 

5-2,  5-4 

Main  Circuit  Board  Power  Supply 

5-5 

Buffer  Stage 

5-6 

Main  Control  Stage 

5-7 

User  Select  Switch 

5-8 

PWM  Stage 

5-9 

Protection  and  Start-up  Circuitry 

5-10,5-11 

Table  5-1,  Summary  of  SSCM  Figures. 


E.  SUMMARY 

The  purpose  of  this  chapter  was  to  compile  and  document  the  detailed  schematics 
of  the  final  product.  Many  schematics  were  contained  in  Chapters  II-IV,  but  their 
purpose  was  mainly  illustrative.  Although  correct,  previous  chapter  schematics  did  not 
contain  all  of  the  detail  required  to  duplicate  the  SSCM  fabrication  at  a  future  date.  In 
Chapter  VI,  detailed  testing  is  documented  to  validate  the  SSCM  operation. 
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VI. 


TESTING  AND  VALIDATION 


A.  PURPOSE 

The  purpose  of  this  chapter  is  document  all  test  results  conducted  on  the  SSCM. 
All  testing  was  accomplished  at  NPS  with  available  lab  equipment. 

B.  BACKGROUND 

Prior  to  final  assembly,  each  of  the  following  circuits  were  bread-boarded  and 

tested: 

•  Control  circuit, 

•  PWM  circuit, 

•  Protection  and  start-up  circuitry. 

The  control  circuit,  discussed  in  Chapter  IV,  was  simulated  using  the  hardware- 
in-the-loop  capabilities  of  the  dSPACE  1103  development  system  [24].  To  test  the 
control  circuit,  an  average-value  model  of  the  converter  was  simulated  in  SIMULINK 
and  the  bread-boarded  control  circuit  was  interfaced  with  the  dSPACE  controller  board. 
In  dSPACE,  Rioad  was  placed  on  a  slider  (load  was  varied  between  200  and  2000)  and 
io/5,  ii75,  and  Vout/100  were  outputted  from  dSPACE  to  the  control  board.  Vin/100  was 
simulated  using  a  power  supply  set  to  4V  (simulated  400V  reference).  Duty  cycle  was 
generated  by  the  control  board  and  fed  back  to  dSPACE  for  display  (see  Appendix  A). 
Rioad  was  varied  throughout  its  entire  range  to  verify  that  the  control  board  maintained  a 
stable  0.8  duty  cycle. 

To  test  the  PWM  circuit,  a  power  supply  (supplying  8V  to  simulate  a  0.8  duty 
cycle)  was  connected  to  the  input  of  the  PWM  chip  (U3  pin  11).  The  PWM  breadboard 
circuitry  produced- 20.4kHz  signal  at  pin  4  of  U3,  well  within  design  specifications. 
Detailed  procedures  on  dSPACE  operation  are  offered  in  Appendix  E.  Once  each  sub¬ 
circuit  was  validated  for  its  particular  function,  final  assembly  took  place. 
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c. 


TESTING 


The  following  tests  were  performed  on  the  SSCM: 

•  Full  load  (~20£2), 

•  Minimum  loading  ( ~  200£2), 

•  Continuous  mode, 

•  Discontinuous  mode, 

•  Transient  response, 

•  Efficiency. 

As  previously  mentioned,  all  test  equipment  was  available  in  the  NPS  Power 
Systems  lab.  Table  (6-1)  lists  all  equipment  utilized  in  the  testing  phase  and  Figure  (6-1) 
illustrates  the  test  circuit  set  up  in  the  lab. 
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Equipment 

Parameters 

Manufacturer 

Part  or  Model 

Number 

Variac 

3  -phase/3  5  A/60Hz 

480V  input/0-560Voutput 

Staco  Energy 

Products 

6020-3Y 

Power  Diode 

Rectifier 

50A 

INVERPower 

controls  LTD 

P101  DM 

2-Filter  Capacitors 

10,000  MFD 

350  WVDC 

INVERPower 

controls  LTD 

P106  FC 

Resistor  Load 

(3  banks) 

3kW-115V 

INVERPower 

controls  LTD 

P108-RL 

Voltage  Source 

Inverter  (used  in 

transient  analysis) 

3-phase 

INVERPower 

controls  LTD 

P108-RL 

2-non-Inductive 

0.00101270/20W 

INVERPower 

P109-NIS 

Shunts 

0.00101230/20W 

controls  LTD 

S/N  PI  09-023 

6-Pulse  Amplifier 

(used  in  transient 

analysis) 

+24  V/- 15  V 

INVERPower 

controls  LTD 

L100  AM 

Fluke  Meters 

8060A  Multimeter 

Fluke 

8060A 

Oscilloscope 

60MHz 

Tektronix 

2212 

Table  6-1,  Required  Test  Equipment. 
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Figure  6-1,  Test  Circuit. 


1.  Full-Load  Testing 

Full-load  testing  was  performed  and  the  data  recorded  is  presented  in  Table  (6-2). 
The  purpose  of  this  test  was  to  assure  that  the  SSCM  performed  as  designed  at 
approximately  full  power  for  different  commanded  output  voltages.  The  circuit  at  the 
bottom  right  of  Figure  (6-1)  provides  RL~  20.20.  (switch  closed).  Prior  to  testing,  the 
load  banks  measured  at  195. 2Q  and  22.50,  respectively,  giving  a  total  parallel 
combination  of  20.20. 

The  variac  in  Figure  (6-1)  was  slowly  raised  from  OV  to  500V.  Slight  adjustment 
of  the  variac  was  required  as  Vout  was  incrementally  increased  from  -  100V  up  to- 425V 
by  adjusting  the  duty  cycle  (front  panel  potentiometer).  All  testing  commenced  at 
Vout=100V  and  E=500V.  Table  (6-2)  lists  all  values  recorded  and  the  measured 
efficiency  at  each  voltage  level.  Observed  efficiencies  were  as  expected  in  that  the 
IGBT  was  expected  to  dissipate  -  100W  at  full  power.  Switching  losses  in  the  IGBT  and 
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conduction  losses  accounted  for  the  efficiencies  being  less  than  ideal  (100%).  Power  loss 
observed  in  the  full-load  testing  phase  is  listed  in  Table  (6-3).  No  significant  heat 
(~95°F)  was  generated  in  the  power  section  inductor  or  the  heat  sink  (was  able  to  place 
hand  on  heat  sink  for  the  length  of  testing).  Voltages  were  measured  across  the  IGBT 
collector-emitter  (Vce)  and  currents  were  measured  through  the  inductor  (II).  Five 
oscilloscope  printouts  were  obtained  at  maximum  loading  (~  19.7  Q.  measured)  and  are 
labeled  Figures  (6-2  through  6-6).  As  indicated  by  the  measured  output  voltage  and 
current  recorded  in  Table  (6-2),  the  effective  output  load  resistance  ranged  from  19.78£2 
to  19.63a 

In  Figures  (6-2)  through  (6-4),  the  inductor  is  in  the  continuous  conduction  mode 
of  operation  (the  inductor  current  II  does  not  go  to  zero)  and  all  waveforms  are  as 
expected.  In  Figures  (6-5)  and  (6-6),  at  higher  output  power  the  charging  and  discharging 
of  the  inductor  current  is  no  longer  linear.  This  is  an  expected  condition.  As  current  is 
increased  through  the  inductor,  the  effective  permeability  decreases  in  a  nonlinear  fashion 
as  seen  in  the  B-H  curve  in  Appendix  A.  From  initial  core  design  efforts,  the  expected 
worst  decay  in  inductance  from  no-load  to  full-load  is  -50%  reducing  the  ImH  inductor 
to  ~500pH.  Using  Figure  (6.2)  (-25%  load)  and  Figure  (6.5)  (-100%  load),  an 
estimate  of  the  reduction  in  inductance  can  be  made  using  Equation  (6-1)  with  Vc  =  Vout, 
E  =  Vin,  D  =  0.8,  T  =  50(isec,  and  AI  pulled  from  the  respective  figures. 


L  = 


E~VC 
A I 


\ 

DT 

) 


(6-1) 


At  25%  load  AIL=  4.3A  and  at  100%  load  AIL  =  9A  which  corresponds  to  930pH 
and  440pH.  respectively.  Considering  the  no-load  case  is  ImH,  the  degradation  in 
inductance  is  7%  at  25%  load  and  56%  at  100%  load.  Thus,  the  theoretical  analysis  from 
Chapter  III  section  B 1  appears  confirmed. 
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Figure 

Number 

vin 

Volts 

Vout 

Volts 

Iin 

Amps 

lout 

Amps 

Pin 

Watts 

Pout 

Watts 

Efficiency 

Percent 

6-2 

500.3 

100.5 

1.13 

5.08 

565.3 

510.5 

90.3 

6-3 

500.0 

200.0 

4.24 

10.14 

2120.0 

2028.0 

95.6 

6-4 

500.1 

300.2 

9.38 

15.28 

4690.9 

4587.1 

97.8 

6-5 

500.2 

400.3 

16.52 

20.39 

8263.3 

8162.12 

98.7 

6-6 

528.2 

425.0 

17.62 

21.65 

9306.9 

9201.25 

98.9 

Table  6-2,  Full  Load  at  19.7  ohms  (100%  Load). 


Figure 

Number 

Pin 

Watts 

Pout 

Watts 

Power  Loss 

Watts 

6-2 

565.3 

510.5 

54.8 

6-3 

2120.0 

2028.0 

92.0 

6-4 

4690.9 

4587.1 

103.8 

6-5 

8263.3 

8162.12 

101.2 

6-6 

9306.9 

9201.25 

105.6 

Table  6-3,  Power  ] 

Loss  in  Converter. 
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for  one  Switching  Cycle  with  Vin  =  500.3V,  Vout  =  100.5V  and  RLoad  =  19.78Q 
(measured  at  20.20.  with  zero  current). 
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for  one  Switching  Cycle  with  Vin  =  500.0V,  Vout  =  200.0V  and  RLoad  =  19.72Q 
(measured  at  20.2Q  with  zero  current). 
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for  one  switching  cycle  with  Vin  =  500.1V,  Vout  =  300.2V  and  RLoad  =  19.65Q 
(measured  at  20.2X2  with  zero  current). 
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for  one  Switching  Cycle  with  Vjn  =  500.2V,  Vout  =  400.3V  and  RLoad  =  19.63Q 
(measured  at  20.2Q  with  zero  current). 
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for  one  Switching  Cycle  with  Vin  =  528.2V.4,  Vout  =  425V  and  RLoad  =  19.63Q 
(measured  at  20.20.  with  zero  current). 
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2. 


Minimum-Load  Testing 


Minimum-load  testing  was  performed  and  the  data  recorded  is  presented  in  Table 
(6-4).  As  stated  in  the  full-load  test,  the  variac  provided  the  input  voltage  at  500V.  Vout 
was  increased  from  ~  100V  up  to  ~  400V  by  adjusting  the  duty  cycle  (front  panel 
potentiometer).  Table  (6-4)  lists  all  values  recorded  and  the  measured  efficiency  at  each 
voltage  level.  Losses  in  the  IGBT/diode  package  (conduction  and  switching  losses)  and 
power  consumed  in  the  inductor  accounted  for  most  of  the  losses  causing  efficiencies  to 
be  less  than  100%.  The  IGBT  was  the  only  component  that  produced  any  heat  (only 
warm  to  the  touch)  all  other  components  remained  at  essentially  room  temperature. 

Power  loss  observed  in  the  testing  phase  is  listed  in  Table  (6-5).  For  plotting  purposes, 
voltages  were  measured  across  the  IGBT  collector-emitter  (Vce)  and  currents  were 
measured  through  the  inductor  (IL).  Five  oscilloscope  printouts  were  obtained  at 
minimum  loading  (~  193  G )  and  are  labeled  Figures  (6-7  through  6-11). 

Because  the  converter  was  designed  to  operate  in  continuous  conduction  mode 
with  a  minimum  load  of  Rl  =  200G  at  D  =  0.8,  much  of  this  testing  was  done  in  the 
discontinuous  mode  as  seen  in  Figures  (6-7)  through  (6-9).  Figure  (6-10)  depicts  the 
barely  continuous  mode  while  Figure  (6-11),  D  =  0.8,  shows  the  converter  in  its  designed 
minimum  load  condition.  Figure  (6-11)  can  be  used  to  estimate  the  near  no-load  value  of 
the  main  inductor  at  ImH  (where  AI  ~  4A). 

Of  most  interest  though,  is  the  minimally  damped  ~  175kHz  oscillation  (5.7pscc 
period)  that  appears  in  Figures  (6-7)  through  (6-9).  This  "ringing"  between  the  main 
inductor  and  IGBT  body  capacitance  is  not  destructive  and  is  actually  most  useful  in 
estimating  the  value  of  the  IGBT  body  capacitance  (Cigbt  ~  826pF  close  to  the 
specification  sheet  of  720pF-900pF).  If  a  snubber  had  been  used  on  the  IGBT/diode,  this 
ringing  would  have  been  eliminated  at  the  cost  of  substantial  higher  converter  losses. 
Since  the  ringing  takes  place  only  under  discontinuous  mode  and  never  exceeds  the  IGBT 
or  diode  voltage  or  current  specifications,  it  is  simply  an  anomaly  of  the  snubberless 
design.  Additionally,  the  1200V/100A  IGBT  is  protected  with  a  1100V  MOV  (Metal 
Oxide  Varistor). 
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Figure 

Number 

vin 

Volts 

Vout 

Volts 

Ii„ 

Amps 

lout 

Amps 

Pin 

Watts 

Pout 

Watts 

Efficiency 

Percent 

6-7 

500.1 

100.3 

0.14 

0.52 

70.01 

52.16 

74.5 

6-8 

501.0 

200.0 

0.47 

1.04 

235.47 

208.00 

88.3 

6-9 

500.4 

300.5 

1.00 

1.56 

500.40 

468.78 

93.7 

6-10 

500.7 

376.2 

1.53 

1.95 

766.07 

733.59 

95.8 

6-11 

500.8 

400.1 

1.72 

2.07 

861.38 

828.21 

96.1 

Table  6-4,  Minimum  Load  at  ~  193  ohms  ( ~  10%  Load). 


Figure 

Number 

Pin 

Watts 

Pout 

Watts 

Power  Loss 

Watts 

6-7 

70.01 

52.16 

17.85 

6-8 

235.47 

208.00 

27.47 

6-9 

500.40 

468.78 

31.62 

6-10 

766.07 

733.59 

32.48 

6-11 

861.38 

828.21 

33.17 

Table  6-5,  Power  ] 

Loss  in  Converter. 
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for  one  Switching  Cycle  with  Vin  =  500.1V,  Vout  =  100.3V  and  RLoad  ~  192.8Q. 
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for  one  Switching  Cycle  with  Vjn  =  501.0V,  Vout  =  200.0V  and  RLoad  ~  192.8Q. 
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for  one  Switching  Cycle  with  Vin  =  500.4V,  Vout  =  300.5V  and  RLoad  ~  192.8Q. 
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Figure  6-10,  Voltage  across  the  IGBT  (Vce)  and  Current  through  the  Inductor  (IL) 
for  one  Switching  Cycle  with  Vin  =  500.7V,  Vout  =  376.2V  and  RLoad  ~  192.8Q. 
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for  one  Switching  Cycle  with  Vin  =  500.8V,  Vout  =  400.1V  and  RLoad  ~  192.8Q. 
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3. 


Transient- Analysis  Testing 


The  purpose  of  this  section  is  to  compare  laboratory  transient  results  with  that  of 
the  STMT  IL1NK  transient  results  (Appendix  B  contains  the  MATLAB  code  and  detailed 
SIMULINK  model).  The  transient  test  was  setup  as  illustrated  in  Figure  (6-12).  To 
ensure  accuracy  during  testing,  the  actual  loads  used  in  the  lab  equaled  the  loads  used  in 
the  simulation  to  within  ±  0.2 IFF 


Figure  6-12,  Transient  Analysis  Test  Circuit. 


Before  starting  the  transient  test,  the  two  load  conditions  for  transient  analysis 
were  documented  in  Table  (6-6).  Once  the  test  conditions  were  established,  the  load  was 
switched  from  760  to  200  to  760  while  maintaining  an  output  voltage  of  ~  400V. 
Switching  the  load  in  this  manner  provided  a  26.65%  rated  current  flow  at  760  and  a 
100.15%  rated  current  flow  at  20.210.  As  can  be  observed  in  Figure  (6-13),  the  output 
voltage  transient  is  ~  ±  3V  for  the  simulation  and  ~  ±  5V  for  the  actual  converter.  The 
waveform  shapes  reasonably  match  except  for  the  inductor  current  step  to  full  load.  The 
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much  larger  transient  in  the  inductor  is  thought  to  be  due  to  the  more  than  50%  loss  in 
inductance  at  full  load  (which  is  not  currently  incorporated  in  the  simulation). 


Figure 

Transient 

Vin 

V„ut 

Ii„ 

lout 

Pout 

Rload 

Number 

Step 

Volts 

Volts 

Amps 

Amps 

Watts 

6-13 

1 

528.1 

404.9 

4.32 

5.33 

2158.12 

15.96Q. 

6-13 

2 

472.5 

404.9 

17.84 

20.03 

8110.15 

20.210 

Table  6-6,  Transient  Analysis. 
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CAPACITOR  VOLTAGE 


INDUCTOR  CURRENT 


Voltage 


Current 


Axis 


R  =  75.96  ohm 


Axis 


R  =  20  21  ohm 


20mlvj's'  lOm'J  2ms 


1 OV/div 


lOA/div 


Part  B  Experimental  Results 


Figure  6-13,  Voltage  across  the  Capacitor  (Vout)  and  Current  through  the  Inductor 
(IL)  for  Vin  =  528.1V,  Vout  =  404.9V  and  20.21Q  <  RLoad  < 75.96Q  ±5%. 
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D.  SUMMARY 


This  chapter  outlined  the  test  results  on  the  SSCM  found  in  the  laboratory  and 
through  simulation.  The  following  tests  were  conducted  on  the  SSCM  in  the  lab  to  verify 
proper  operation: 

•  over-current  time-out, 

•  over-temperature  shutdown, 

•  pulse-by-pulse  current  limiting, 

•  full-load  testing  (complete  duty  cycle  range), 

•  minimum-load  testing  (complete  duty  cycle  range), 

•  pushbutton  reset  operation, 

•  airflow  through  unit  and  heat  generated  (minimal), 

•  transient  analysis  and, 

•  discontinuous  operation. 

In  Chapter  VII,  conclusions  and  accomplishments  in  the  design  project  are  addressed  as 
well  as  possible  future  work  in  this  area. 
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VII. 


CONCLUSIONS 


A.  SUMMARY  OF  FINDINGS 

This  research  documented  the  design  and  construction  of  an  8kW  dc-dc  converter. 
The  converter  will  be  placed  into  a  larger  testbed  for  a  small-scale  Integrated  Power 
System  (IPS)  to  be  assembled  by  ESAC.  The  key  areas  covered  in  the  thesis  are: 

•  Detailed  schematics, 

•  Detailed  component  parts/manufactures  lists, 

•  MATLAB/SIMULINK  detailed  models, 

•  Documented  component  selection, 

•  Lab  testing  to  validate  design, 

•  Rugged/dependable/durable  design, 

•  Easy  access  to  unit  for  troubleshooting, 

•  Monitoring  and  testing  capability, 

•  Lessons  learned  (throughout  thesis), 

•  Interface  capable, 

•  Multiple  mode  configurations. 

The  SSCM  design  process  began  with  component  selection  for  the  SSCM  power 
section.  Components  were  selected  based  on  specifications  provided  by  ESAC,  available 
components,  and  theoretical  calculations.  Chapter  III  detailed  the  component  selection 
process  while  Chapter  IV  documented  the  design  of  the  closed-loop  control  algorithm. 
Each  circuit  was  independently  built  and  tested  prior  to  final  assembly.  The  dSPACE 
1103  controller  board  and  development  software  was  utilized  to  test  the  control  and 
PWM  circuitry  and  proved  to  be  an  invaluable  tool  for  design.  A  standard  rack  mount 
cabinet  was  used.  The  SSCM  was  constructed  to  be  rugged,  transportable,  accessible, 
and  possess  the  required  space  to  efficiently  house  all  required  components.  Digital 
pictures  of  each  stage  of  the  assembly  were  taken  and  recorded  in  Chapter  V  to  assist  in 
the  construction  and  layout  of  future  SSCM  designs. 


Ill 


During  construction,  a  detailed  SIMULINK  model  of  the  SSCM  was  developed  to 
test  the  control  system  for  stability  and  capture  the  transient  response.  Once  construction 
was  completed,  the  SSCM  was  tested  in  the  lab  to  ensure  all  protection  circuitry 
functioned  properly  and  that  the  SSCM  met  or  exceeded  all  required  system 
specifications. 

B.  FUTURE  WORK 

With  DCZEDS  offering  enhanced  survivability  and  improved  automation, 
continued  research  in  dc-dc  converters  is  vital  for  the  future  of  naval  ship  electrical 
systems.  Many  issues  still  must  to  be  addressed  in  this  design  area.  Possible  areas  for 
future  research  include: 

•  Electrical  shielding  of  the  SSCM  to  prevent  switching  noise  interference, 

•  Soft- switching  units  to  increase  SSCM  efficiency, 

•  The  construction  of  a  reduced-scale  IPS  at  NPS  to  facilitate  additional  student 
thesis  projects, 

•  Further  and  much  more  detailed  use  of  dSPACE  as  a  design  tool, 

•  Construction  of  many  SSCMs  at  different  frequencies  and  power  levels  to 
compare  efficiencies. 

With  IPS  selected  for  DD-21,  it  is  vital  for  research  to  continue  in  this  area.  DC- 
DC  converters  are  an  integral  part  of  any  DC  distribution  system  and  the  Navy  must 
continue  with  research  in  this  area  to  ensure  successful  and  reliable  systems  are  delivered 
to  the  fleet. 
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APPENDIX  A.  DATA  SHEETS 


A.  SEMIKRON  RECTIFIER  SKM  100  GB  124D  IGBT 
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-  I  :-»r»i5  ■  tOUtfll  V**Otf 

DtB  u.racl  Capper  Bpndmg 
TechnatagiriwTlhoLrlhard  rnmAj 

-  Urge  cl  Mean  do- (10  mm|  and 
tnWpngw  tfMaAHH  (20  4Hm} 

Typical  Afi|jliL  JliL-Ti:, . 

-r  b  6-  in 

J  Smtfching  jnp|  for  kn^pr  iiwrl 


h  -  £5  .rltnM  ctfuawM 

Span:  A  Ad 

a  ii  ■  -  ic-  v„  -  eoo  v. 

-4LAX  *  8C4  K-l  V*  »  D  V 
•1  UsoVai*  ■ -C  *16  V 
"■  Sse *B  a  +  3: ’  ID  B 
m  C*L  -  SpnT-pspd  jfo*al  L-iei"-*f 

Twhnohjjjjf 

■Cains  and  Trch  dala 
■  E-  G1 2  2 
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Absolute  M  anirrtum  Ratings 

ValLwn 

S> 'll  DOl 

Cond-ilor-s 

□nils 

VtM 

i»j 

V 

ft^-acidl 

IKS 

V 

L= 

Ti„.  -  ii'sSi  "C 

1 63 .'  100 

A 

Icju 

Tr.„  -  26'«  ’G  U  -  1  ms 

3TO.'  200 

A 

V.3TS 

5  OT 

V 

P,, 

per  GETT.  T  ^  ■  2£.  -c 

w 

T,  I7h*I 

*Ki  *160[12fl) 

■c 

r->.:  i  -mi 

£  506 

V 

hi.im  r.r.f 

ph  ■ifiri-i’i 

pfrruii* 

r.m  ir  r;  mi  T  i 

*3'  Iv-"JT 

Inverse  Diode 

k  =  -fc 

T?.H  -  25A50  ’C 

55(63 

A 

Ii  W  ■  — Iijtf 

Tlm«  -  25,1*3  'C  k.  -  1  rTa 

388,1  200 

A 

!•» 

i  ilD'm.  Sin  T  *  168  ‘S 

720 

A 

& 

k-  irir™.  1,-lSS!  -e 

a$n 

A3» 

CH-srActei'l^ti'W 

Sy™lK,l 

CrinijilHHim 

min. 

>2fP- 

irk  Ax. 

bim* 

V.HBrri,. 

l/.-j  -  O  k  -  4  mA 

>  Un  < 

— 

V 

v-»  *p 

*/ 

■n  -  Vd,  k:  -  2  niA 

4,5 

66 

8  5 

V 

kci 

V.jr  '  o  IT.  ■  26  ■■C 

as 

1.5 

mA 

S. 

,-.r  *Vr,.  IT  -  liS'C 

- 

n 

— 

riA 

kut 

V*  ■  20  V.  Vti  *  0 

- 

- 

Mrfj 

r> 

1 

-76*  rv:il.isv  T 

- 

£  1  \2  A’ 

£.46(2  05,1 

V 

^CUK 

1 

-  ICC  A  \¥(  -  £5  ij  £5l  -C  j 

— 

2  Sli.fl: 

— 

V 

Bn 

V,  1  -  V(i  t  -  T3  a 

- 

- 

8 

Crarr. 

[HV  imir 

— 

— 

33P 

& 

□  w 

Wit  -C 

- 

6 

8.6 

<F 

C™ 

r  2j  V 

72C 

M3 

IF 

u._ 

f-lUHHi 

— 

384 

533 

Lrj- 

3P 

nil 

U,r 

- 

Wee  -  BCH1  U 

w 

n ■ 

L 

W,K  ■  -15V7^6V!' 

- 

45 

- 

n* 

.1;  T  73  A,  IAJ  k»d 

w 

■1JC 

ns 

Ir 

Hut,-,  01  ftfc-j  ■  14)  II 

— 

66 

— 

Ilk 

T,  ■  1 25  ‘C 

- 

11 

— 

T'lSVi 

- 

» 

— 

mWH 

I  lMil'aH  0 

i-,1i  fa 

Yr~vK 

i 

■  73,  A  /WM  -  BV: 

- 

2.DC1.B} 

2.5 

V 

-  Vr,- 

i 

-  ina  ALT,  -  73  (1  J,3l  ^  T 

— 

3  JSR.na: 

— 

V 

Vro 

i 

,■125  mC 

m 

1.1 

1.2 

V 

>1 

i 

j  -  l£S  “O 

— 

— 

15 

r-41 

Ivnr 

i 

■  75  A  Tj  —  126  “G2' 

— 

42 

— 

A 

CL. 

i 

-  T5A  1J3"C 

ai 

lid 

rhfHmnl  -hHi.injfr-nli-iac 

Rrv 

per  IGBT 

- 

• 

0.1-5 

C  Vi 

R-r 

ie  deer 

« 

- 

0.50 

C  •" 

RriTi 

par  ■  i  kki  as 

- 

- 

0.35 

‘C.Vt 
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Fkj,  -3  filled  LLirLMil  vb.  leniper  jljuie  l,_  =  T(Tl;J 


Fig.  S  T>ti-  ciutpuf  LliaiBL-teriblk.  V  -  BO  (js;  25  *C  r  g.  10  Typ.  uulpul  t:hisac.1eribNc,  =  BO  (iv  125  "C 


P<«xkji  -  V'rtHti;  ■  I  c  ri  i 
Vctl*?,  ■"  VcElT3|[r.[i  +  fccjrt  '  leg) 

Veenomt  £  1  -3  *  ft«M  Hi  -2&3  IVJ 

typ.:  rCFrr,  =  0.0107  +  Q,KHH3a  17,  -25)  [11] 
man  rctiTji  =  0,0153  +  0.000017  (T  -26)  |£J] 

vaid  rorV^E  •  *  15^  [V]:  l<;>  0,3  lc*.r 

rig.  11  Sutjralmi  LhiiruLlarstic  ;  SDT  i 

Catautaiiofl  elements  and  equal  una 


n  1  4  R  1  IE  12  H 

VflT  ^ 


Fig.  1 2  Ty(K  irane*er  ctaractertalk;,  I,  •  B0  us;  VM  *  20  V 


-  tiy  SCMIKFtON 
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SKMi  1DQ  GB  124 


D 


10 


“  „  * 


Fig  13  Typ.  gate  ctor-ae  characteristic 


Fig  WPyjfc  capacitances  vs.V^t 


lOOK 


VIMHUk  Ik 


T|=124-C 
VC€  -  320  V 
Vct  *  1 1  £  V 
Ron  =  1 0  11 
R**-  10  [J 
induct  kind 


T  = 135  'C 
Vtt  -  30B  V 
V  et  *  i  15  V 
Is  =  75  ft 
1'iLjlI.  land 


Fig  IS  Typ  fn*1tehmg  llmw  vc  !c 


0  »  4S  »  » 

V  a 

F*a  is  Typ  Fetching  limes  VB-  gale  restslorfo 


0  I  1  S 

*>  V 


Fig  1  f  Tyi:  CA_  dado  Forward  eh  urn  eta  ms  be 


0  »  JO  60  »  1»  ISO 

k  k 


V.KJ=W0V 
T|»  125  "C 
V,et- tISV 


Fig  IS  Dado  lun-aff  energy  dissent  dm  pur  pulse 
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nm 


D  ID! 


iODWI  t.OUH  (XMI  D.DI  a.»  * 

Ip  * 


f<i  1 0  TrsnsienL  thermal  impedance  or  iqbt 


*  a 


Ffl.  2?Typ.  CAL  diode  peak  t  eve  rs*  reoeyery 

cluthiL  Iqq  -  f  dr;  n,-, ;■ 


F^.  2D  TVansJenl  (heimai  impedance  or 

ir  .^rw:  CAl  dindnn 


■A1*  *4* 

Fig.  23  Typ.  CAL  diode  peak  reparse  recovery 

OUTO'll  Iqq  -  f  ;dL‘Jt]i 


Typical  Applications 
include 

Switched  nnxje  power  suippiii.'si 
CA":  :;i:-  vo  ;ini:  ratal  dnwip 
In^ndorr, 

OC  Chopper 

AC  motor  speed  wolrpl 

UFS  UnirmemiplBble  power  supplies 

General  poww  switching  applications 


^9-  24  Typ.  'CAL  diode  troop  rail  Charge 
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5KM  I  DO  GB  124  D 


SF  Ml  T  HAW  i  I 

Case  D  6f 
IX  Rc:>::gnii(Kl 
F*0  no.  E  63  532 

SKM  IflO  G0  124Q 


RmenslonE  In  run 


CjSIfcl 


MS 


C . i !■;!.■  oulliiKi  :.'nJ  ::n-.  .ill  diugiuin 


MecJiar 

Symbol 

ileal  Data 

CondUfars 

min. 

V-atees 

'W 

ma*. 

Unite 

M, 

Iphddtelnk  $1  Jnra 

1«S) 

a 

E 

Nm 

lOheeamk.US  UflilB 

21 

- 

44 

tin 

M, 

Ipt wnunalc  SI  Una 

2  0 

- 

& 

Nm 

for  lerminflU.  USUhlH 

22 

- 

44 

6  in 

Sk 

- 

- 

EiS)  HI 

ID'S- 

w 

m 

Hite  fa  an  eteetroslalic  DlwHirgn 
sansltlvs  0«wk:«  (ESfiSf- 
Flense  *fts*rve  tl*fl  hrtnimalioflfll 
standard  ICC  747-1,  Chapter  IK. 

Eighi  devices  ore  supplied  n  one 
SEMIBDXA  *tmow  mounllnijriHnd- 
wane.  which  can  be  arden&d  separa¬ 
bly  under  went  Mflk  1 1  w  (far 
ID  SEW  TRANS  2) 

Larger  packing  c'lili  ol  23  or  42  pie¬ 
ces  are  L*ed  ff&jHeWe 
Accessories  t  B  6  -  4 
SEMIBOK -*  C  - 1 


B6-12Z 


■061)6 
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SEMIKRON  IGBT  DRIVER  BOARD 


Absolute  Maximum  Ratings  i'Ta=25  *C) 

Symbol 

Term 

VflluW 

UtHt 

Vi 

Supply  unHaga  primary 

15 

V 

V.H 

Input  signal  u-attagu  (HIGH! 

!.b?  IS  V  and  5  V  input  kr,W| 

V£  +  0,1 

V 

llJUtl'LM. 

Oulpf.il  p$ah  ■sjirenl 

iS 

ft. 

ICll.l 

Output  aunrapn  rLrrnnt  |max  | 

*  iae 

imA 

Vet 

Co  -cctar  pirillt'  voltage;  smut: 

l3M:iMIME' 

V 

dufth 

Ealt  d  r«o  and  (all  or  vc<fc»ye 
{secondary  *o  pnmary  stde) 

7£ 

fcV.'ps 

Vim  m 

Hateliw  lest  vdl  w-our  (1  mint 

«00 

V' 

RjLti  nr 

minimal  R.j=- 

2.7 

tt 

R;=+!  nr 

minimal  Ps;- 

3,7 

IS 

Ct.jlb.lM 

dutryo  per  pjlse 

9,6 

pC 

T» 

Opof«ifg  temperature 

-25  -+85 

:c 

Slrntgn  bamprifalxim 

-25...*  S5 

•c 

Electrical  Characteristics  (T"a=25  ’C) 

Symbol 

Term 

Values 

Ul'il 

min  typ  mao: 

Vs. 

.Supply  uPlagr  pnmary 

14, A  lS.fl  15fi 

V 

1* 

Supply  ounrent  (nrse*) 

0.3  IJ 

ft 

'50 

Supply  ririment  primary  side  <nq  Iwd) 

fio 

mA 

V|T* 

inpul  IhroshPd  uollagn  (HIGH!  J::r 

15  V  Input  hTrol 

1ZS 

V 

tor  5  V  kipul  leuei 

3,* 

V 

v,~ 

inpui  thnesiKM  voiifisft(LOw;  r« 

IS  V  inpul  kffffi 

3.6 

V 

f*5V  Inpui  ln-rn! 

O.sa 

V 

Turn. on  ciulpjl  gain  v::ll.:gi: 

-•■  lfi 

V 

Tum-OfT  oulpul  gate  y tllequ 

—  6 

V 

t 

oparflUiig  rrtomoiity 

oee  (la  15 

tcHcmi 

Inpjl-diAHit  1um-<in  pnjpail*tin  Imm 

A  A  * 

MS 

Ld|afl'ju 

itnpul  output  turn  «lf  propogaCion  tmu 

1.4  * 

ps 

bp) 

En-Cf  InpuNHAput  pfriparjrirfioni  OfTiri 

l.Q^ 

H? 

Vt?UM 

Hnlnrifrioo  vnttage  tor  V^f 

mprHorHig 

S3  *1 6,3  41 

V 

R*l 

inpui  rnslslanro 

ID 

kii 

r:m, 

iulc-  nal  ycrle  rtaislcr  lor  ON  signal 

£3  “t 

IS 

Rjsi' 

Inlpmal  galiy  n&SridOf  Irif  OFF  signal 

32  ** 

fl 

Cp. 

Pnmary  Id  mi  mod  ary  c^adlanm- 

12 

PF 

11  TNaeuttg^  veto  fe  stora&w  Ite  o^rwi  eOTdtlk5i"i 
3  Typc-td  vaftifc 

TN5.  usUiy  tywa.  nnt  wsnsirffir  fcr,  of  IG3T  and  lv n  ac^JBtpd  by  R-L  and  Cel 
*  Mabchedtobe-usetJ-mlh  IGDTh-';  100A:  fbrbtgharaurrerils.  a™  Lat-le-2 
W*h  R-Jt  »  IS  Hi,  C-:t  11  330  p?  W4  fe  6 1SKH1 10.  Wy  tGBT  vp  io  1 HKJ  Vi 
5  With  R;n  =  MS  US,  C-c  =d?0  pf-  «£KHI  Itt'IT;  ItrlGST  up  Id  1  TOO  V| 


$6  MIDRlVift* 

High  Power  ICBT  Driver 
SKH1 10  B| 

SKHI  ItWI  7  61 


Ft  Hurt* 

*  5  nqh.'  lyivw  ukcut  Fur  lugh 
pjuflr  IG&T& 

*  SKHI  10  drrk'os  it  I  SCMlKFLQN 
IGers  rrfti  V«ft  up  Kt  1 200  V 
(lactary  adustmonl  ol  VL-£^.-ma- 
rahSdng  Pgr  12CO  V-igETl 

■•  SKHI  10/17  drru»  all  SEMI- 
KflOM  IGBT®  wHt  Vet  no  io 
1700  V  (factory  nd lyjslirmnt  ot 
Vct-rti*(liLWina  for  ITfKJ  V- 
IGBT| 

*  CMtOS'TTL  (HCMOS) 
CDmpaliblc  input  uufturs 

■  Shon  elfeul  ptforfeewn  by  V,-.- 
nm  fearing 

*  soft  ■hofi'CkaJt  hum# 

*  Isolation  duo  to  transfer  mars  mo 
OpIO  SOupISi'S.) 

*  Supply  undnrvDHagr;  rrcmlcring 

(navt 

‘  E-rtf  memory  >  output  signal 
(LOW/  Of  HIGH  logcO 

»  Internal  tsolarlud  penter  supply 

Typical  Applications, 

»  High  Inyqp^ncy  SHF  3 

*  Erasing  choppers 

*  Asymmelffcai  ttftiyefc 

*  High  ppww  UPS 
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Block  diagram  SKHI10 


Fg.l  Thn  niimhdra rarer  bn  tha- das^ripbcm  on  paqn -A,  sorlion  E 


Input  Bonneaof  ■  pa  nac  Gable  aoooKlirg  Lo  DIN  41651 

OUp.4  co*meclGr  =  MOLE*  4 1  ?Sl  Series  (fri^les  41G0S  pmp  IgnTingJ  housng  and  crimp  lernilnak  12$$) 


Fig. 2  □imnnswmK  ^in  mmj  and  con  melons  of  lint  5KHl  IP 
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5  EMI  DRIVER9  SKHI  10 
SEMI  DRIVER!9  SKHI  1fr17 
High  Power  Singifr  IG6T  Driver 


General 

The  toHMoent  engle  IGBT  driver.  SKHIIO  letsediveiy 
Srhi  lCUl?  ri  <- 1  slundarP  dnver  for  all  power  iGfflTs  on  Bm 
IHfeL 

The  l  iq'i  pDwcr  output  il-,-  wjik  dcaigrini!  Id  switch 

fughourmnl  mnd.ikis  nrsr.TiMl  ;iiir.illi!lRij  iGSTs  oven  far 
high  frequency  apflikalicna.  The  ixs.uis.  buTef  has  bean 
imprnuod  he  mako  it  possbb  to  «hili:h  up  to  4MA  IfiBT 
module*  dl  frtqiiei  Mi  et  up  M>  23kHi 
A  new  ruTJiicir  I  ds  irt»u  added  ici  He  sham  crbuil  pwHBtU- 
qn  Clnppiry  (Sc*  Ti.xn  Qtf;  toft  Blltemflft^y  ncnaasis;  If* 
IGDf  torn  olT  lima  ai  d  harm  reduoas  :le  DC  wHiage 
cvc  v::ll;ign  spikes,  ending  the  uae  «T  hitter  CC-jls 
vqdagea  This,  moan?  an  inexaese  r.  the  lin^a I  o,i|p.Jl  pct&er 
An  iulegraled  IXl'DC  convener  wrth  high  ^  hrai  to  isd  aboil 
KV)  ensues  11194  the  -jw  is  prelected  Tom  me  r.gh 
voltage  (sepsmdary  acto) 

Thu  power  :-.i|:p  ius  fix  the  dnwar  inay  be  the  sainci  ns  ikocI 
m  |he  raxdnoi  board  C(V*i5V)  ^tlhoul  hie  requirement  or 
sotalnii.  All  irfcunuilxiii  lhat  ia  IrzinsmlteU  between  inpul 
ard  output  uses  Faria  Imrsfarmera  rusullmginhigh  d  .ill 
ivmhdnlly  (JSkV.'.ua). 

Thu  drrvor  inpjl  xiugu  a  eamuclDd  directly  Id  Lhu  oontnd 

board  oulpul  and  due  to  {Uffecem  amN  board  operator 
voltages  Ihe  SKHI  Id's  Hpoc  bVcuiL  includes  a  user  vdlage 
ijival  snlrador  (■►1 SV  ar  +5U). 

In  Ifuj  FqTtvwIngqnJy  Ihq  dqaqnatiqn  $KHI  1 1>  ^  pwd  TN$ 
"■  «ald  Tor  bQ IN  drw  veiatotls  IT  iomeiliing  S  to  be 
tixplwred  special  SKHI  t0.‘17  h  will  be  tiusaiiped  by 
(naming  SKHI  IftHT, 

A.  Fdacums  and  CofTflfHMKkffl  qJ  (he  OHV*r 

A  ahuh  descrplbn  hs  gnnen  :ju  uh  Far  duluitod  info  Ttialibn 
otoese  reigr  to  section  B 

a)  The  SKHi  m  haa  an  iNnUT  LEVEL  SELECTOR  weeil 
wh<:h  is  adLstcd  by  J1  far  Itwd  lilturcnl  levels.  Il  is, 
prcKsnnt  for  CMlQS  (liVf  kwnl,  tinl  coin  bn- changed  by 
hit  user  to  HCM05  (5V|  luvd  b,-  eoaer  br-toii'iy  the 
pads  mart nd  J1  Icgnlher.  Fqr  king  nputcjblBS,  we  do 
hd  reconi ineod  Ihe  5V  le>oi  due  to  pctfeide  disLnitiart- 
eaa  enic&J  by  Ifie  power  sda 

a|i  Tttt;  ERROR  MEMORY  blucba  Ibo  bunsinaaion  d  al 
tom-on  signals  1o  If*  igbt  V  ether  a  shod  drsdt  or 

niutfmdkiri)  olV  ia  deluded,  urd  isarda  a  s  gnul  Id  the 

etlamai  conhoi  twara  through  an  open  f&iector  t/Br is*- 
stor 

Cl  WSh  a  FERRITE  TRANSFORMER Ihs  kitormaiicri  be- 
Lwann  [mmary  anrl  saranndary  may  Ikjw  in  bnlhdimrlL 
uua  a  ill  hgh  leveft  ofilvi'di  and  isdlalidiaie  LtMined. 

d)  A  biyti  rruufjerv.-y  DdlDC  CONVERTER  awikla  lhu 
ruguircirciiLdr  cxlernal  on  Idled  powior  aupptcs  Id  ob¬ 
tain  ton  nacesseh  cmle  itohage  An  Iscmied  torrita 
bu'isrermoi  n  lie. '  Lnd^v-  ourFujidlion  suiiplma  lhu 


neiessary  power  to  tha  gate  or  the  igbt  With  tofe 
li:  jli.ru.  we  een  usa  lhu  aemu  newer  supply  used  n  “lie 
uxlcmei  UDrf  ml  c  reurl.  Chkir  i  t/c  ere  us;  rig  mere  I  ien 
or*  5KHMD.  e  g  r  H-bridge  conTgurallons 

el  Shea  srCuiL  picledion  ia  provided  by  imaaurhig  Ihe 

OhHacIW-snnltsir  vhtargB  wtlh  a  V,:.=  MONITORING 

uflitl  An  addilkmal  circuit  delects  llto  si  tut  circuit  aAer 
a  delay  (deter mined  by  Rc.:.CcaJ  and  decisaaes  the 
turn oTi  Epwd tadjosted  by  Rp#-SC^  cf  toe  iGBT.  SOFT 
TURN-OFF  uudar  faeb  eu  iJilier-s  is  ueceasary  aa  € 
neduoes  the  veflage  pvesshewt  and  anaws  tor  a  tosbar 
lurni  Qlf  dunng  normal  OEWrabcn 

n  The  OUTPUT  BUFFER  is  responsible  tor  p-oviding  the 
dxrexr  eurrD'il  to  lhu  geriu  o'  Iff:  IGRT.  Il  lho»u  ::iyr.j  a 
do  itdL  hare  s^mcient  power,  the  IGBT  w4i  not  switch 
pc-nperty  and  adtltona  losses  at  even  the  deslrudjoi 
:T  Ihp  IGOT  Tuiy  obbiir.  Accpidng  to  ton  appliDalinn 
iswilchlhg  rreouercy  and  geba  charge  d  Ihe  IGBTj  the 
equivalent  value  Rjm  and  ton  R.,-.i  musl  be  matched 
Id  ton  opTnu.m  vjhiB  This  can  hn  rJonn  by  pulling 

addhicnai  parallel  resialcra  R^-,  R;,-*  wilh  Hhoae  abea- 

dy  pn  ton  board.  IT cinly  qna  iGfiT  ikm  hn-  i.nrd  -'inKlnad 

pf  pemiifli  mirflcnni  pn*y  w  caWe  could  be  cc*i- 
riedted  Lelwuen  dnver  And  qato  by  auBeing  Ihe  two  J2 
araas  togetoer 

Fg  1  shows  3  siT.pi  bed  btocH  diagram  cf  I  be  skhho 

etiver.  Some  prulninury  remarks  will  Nap  the  under* 

slanding: 

*  RegUatod  -*ia.V  must  bn  presnrVI  btowitfie  pins  A, 9  (V,J 
and  10 11  (_lr  anlnpiil  agnail  (ON  or  OFF  oramiand  to 
|he  iG&TsjTmtr  thRoonlml  syslnrn  K^ippiRdlDiijm  ? 
tv,-)  where  hiSh=Om  and  L0W=0f  F. 

v  pin  s  | Vet)  at  seeondary  side  is  normally  conoBded  to 
Ihe  m lector  c!  toe  IGE1T  Id  manitor ;t  tart  fom  'ir  d 
leste  wthced  csmnedlng  toe  igbt  4  must  be  cenresed 
Id  pin  1  .;Ei  to  aoaid  ERROR  signal  and  urobiu  the 
bulpLt  aignaa  to  be  iriuuaLred. 

*  The  RESET  npu(  musl  he  bbnnochad  Id  l)V  ip  enable 
Ihe  Vr  akjrei  b  it  ia  tod  opened,  the  driver  wil  be 
btocked. 

*  To  monitor  ffto  error  slgn$l  a  poHjp  resistor  must  t» 
pc-tNi-ded  between  pin  3  iCRRORjend  V., 


es.  Daseriptton  th«  ClrcuK  Block  piegrann  (Fig.  13 

The  ercurl  in  Fig.  1  shows  I  ha  inpul  an  Ihc  kill  end  ::u:pii 
ij  i  Iho  nghl  (pnmarysccDnda’y). 

1.  Input  larval  clncuifl 

This  ciroat  was  dasignnd  Ip  enaept  twn  nifficronl  logc 

vNittgeieweie-  The  alandahi  to**!  to  *1  t=v  ilaniory  adjuahadj 

iriLeuided  tor  noisy  e rwi re mienta  or  wire n  tong  cowtecttens 
(I  a  Mem)  between  thee«iemei  coniml  oroud  end  Skhii  b 
are  used  where  nctoa  torniuncyniueitiecaiiakleraija.  F-cr 
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Icnrar  pciwu*,  anil  shad  L-cmiecliuns  kelwetri  clYUriI  Bid 
dtiver,  ihe  TTL-HCMOS  lave*  [iSV)  can  be  aetocled  by 
ca .’6? ji V  seOmnr.fi  the  amali  araas  -nf  ji  together.  specially 
uselui  tar  signals  coming  Ipthti  pR  based  ograhotar* 


Uv 


sv 


=  X 


Ji 


Fig. 3  Selecting  JI  IcrSY  level  (TTL) 

Wien  connecting  to©  S  <wi  -  0  In  a  cam  re  I  board  u&njj  short 
confieacra.  no  special  altar: on  reads  lo  te  lawn 
PFig  ■**) 


Fifl.4tJ  Connadiha'  Pie  SKHH  0  w*h  long  cable 

niherwise,  il  li  e  len^Vi  n  50cm  or  nos  (we  suggest  to  limit 
the  uuJ'jIe  feuigih  iu  abtuii  1  msier),  some  cere  rrual  be 
token.  The  iTL  level  should  be  averted  and  GtoQSiT  &V  h 
to  be  used  instead;  hat  cable  must  iiawa-  iho  pans  <rf 

canrijnlijrs  twisted  or  bn  shielded  Id  reducn  EMIfflFl  su¬ 
sceptibility  |Fig.  4b).  II  u  slued ed  tab  a  is  used,  il  tan  be 
otinnecletl  Id  pin  I.  il  is  coupled  10  OV  ihiUugh  B  r&Jialor 
jQ  D|. 

As  Ihe  Input  impedance  eh  Ibn  I  "iPLT  LEVEL  SELECTQfl 
rir~.irl  is  very  high,  nn  mlemnl  p.ill  d::v>n  resistor  kuccs  the 
I  GST  n  OFF  Stain  to  case  die  Vii  CkOrtlWtilkSrt  4  inttHLUied 
or  led  run  corrected 

£.  Inpul  t  ulfer 

tbs  dreuti  eriabes  and  B<npkh*5  H*B  Input  signal  Vim(ci  bo 
trgrudrirTod  Ip  ton  pUse  Irarstormcr  when  RESET  (pin  4)  is 
LOW  and  also  prevents  spurious  Signals  being  htinismbled 
ba  lha  secondary  skie. 

The  Ic*w4ng  ovarvew  is  shewing  toe  input  irwetiicJd  uei- 
tag  os 


vti.wow 

min 

*fp 

ffi&JC 

1-5-  V 

S.5V 

41,0  V 

MrS  V 

5  V 

UV 

3.0  V 

2,4  V 

VlT.fUlWl 

min 

tVP 

(res 

15  V 

3.6  Y 

4.EV 

4J6  V 

5V 

0,50  V 

0.65  V 

q.»v 

3.  Error  me  me  ry  and  mint  nigrinl 

TheEnnOFI  memory  is  triggered  only  by  folawng  evnntsr 
•  shod  circuit  c4  IQBTs 
»  Vs-undervohaga 

in  case  of  short  cwcut  the  Var  monitor  Bands  a  tagger 

signal  fliiuh  signal)  PiraLqh  the-  irqpiisn  transformer  tg  a 
FLIP-FLOP  on  Ihu  fir  -iim  -y  side  gming  the  mformelbn  ha  an 
uiKT’i-oulkiLlur  liiansislLf  |pn  3|  which  may  be  Carnechcd 
to  the  titenal  comral  circuit  as  ERROR  message  ir  HIGH 
logic  (o f  LOW  1 1  J 3  i s  short-circuited).  U  Vs  gower  supply 
tans  betow  i3V  Ice  more  toan  Q.Sms.  1h®  same  FUP-FLQP 
I?  sat  and  pn  3  t  aciMaiPd  For  h:*h  Ipgig  (ctolBuhL  an 
edema!  FIc must  be  cgnnnclod  prcfnrerLiify  in  thn  control 
rtieir  board.  Id  Iha  way  die-  ubmecto'i  between  main  Heard 
and  dnver  «  aUo  chocked . 

If  km-Aogtc  vert.kjr  is  used ! J3  ahott-clrcuitodj,  an  internal 
pu'  -up  resistor  |ir  lema  ly  cannaclsd  1c  Vs,;  is  provided,  and 
Ilia  signal  lirtfi  i'iUuj  5KHI 1 0s  COe  lie  OOnnecMd  together 
lopertOnm  an  wired-or-draiii. 

|V0-.5..»2<V  SvfciS* 

Rc  tor  1  "  ^  - 

HHX  l>j: 

MM 


F>g  5  Dilyer  BlawB  lntami«dn  EPhOFI,  and  RESET 

The  EFTOR  signal  may  be  dsabled  eilher  by  RE¬ 
SET  HIGH  Ipiirtl  or  by  sw’ tolling  Ihu  power  Supply  iVel  tfl. 
The  width  of  tae  RESET  pulse  muet  be  (nore  torn  Spa,  and 
In  case  ol  imarrujjtKf-KKtoaciiion  an  Internal  pt^l-up  raaeldr 
wii  ad 


FAULT 

RESET 

ERROF  rj 

Vw 

no 

fl 

0 

eiBbie 

no 

f 

0 

diaable 

0 

1 

disable 

1£= 

1 

0 

disable 

i)  select  logic  |HlGH);  lor  LOW  logo  toe  sisynala  awe 

■PUmptBrnanlgry 

Table  1  LHROh  stpcal  truth  tatos 

The  cpen-cpiector  iransislcf  |p  -i  3)  may  be  connected 
lliraugh  a  col-up  rasaSar  to  an  bHiltol  Qtotarul  Va  Ibf  BIO 
Tow-ipflic'vflrsdh)  vcilage  aupp^1  -t5V..  +&Y,  Unwng  the 
oinentta  l#*s  BmA 

4.  Pcwrr  supply  (VS)  munitur 

The-  aedpty  voitage  Yb  Is  mchilored.  If  it  taFs  bolow  13V  ai 
ERROR  signal  Is  genensled  and  the  tom-on  prases  tor  taa 
»G&Tb  gala-  are  wnckod 


B  14  --6 


0B1J6 
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5.  Pulse  Inwsfomier 

It  Iransmlls  lh;:  him -nr  and  h  rri-rfl  nrj'ril:.  In  lhg  ifiBf  In 

the  neweree  (Jew# on  toe  ERROR:  signal  from  If*  vti 

rico  taring  s  IransmitlL'cl  via  :lic-  Mine  Iranstomief.  Thu 

iBOia&Oll  ig  4  k,V 

6.  DC'DC  CMvevie* 

to  She  primary  Bide  to  frto  fflsnvertor.  e  hatf-bodge  Inverter 
l  ;!  i:;li:  :;  line  access; iiy  energy  Train  Vn  la  I  n:  secDimcuy 
ot  aientte  Itahstormer  Inthe  secondary  Bide  *  frill  hedge 
and  fillero  convex  the  high  Ireguewy  signal  coming  from 
lh*  primary  to  PC-  Ip^  J+l  SV>*-  Sv^  Ihnl  am  idonnsrrt  by 
a  vcllage  regulator  drcuil. 

7.  Output  buffer 

The  ujipji  buffer  is  suppled  by  ihe  +  15V.'-  av  from  the 
DC  DC  SSttvUrtfif.  It  tire  Dperahan  pfwsei^  mnnaly  lio 
fault),  |he  on-  end  oif-Egnei  rg.  transmuted  to  Ihe  gate  to  an 
IGQT  Ihiuuufi  R.  and  R^yi.  The  output  sUgc-  has  a 
M05PET  per  lhat  is  aWe  lo  scuroaeink  up  to  8A  peak 
curreto  tofrom  thegaie  improving  the  liam-oro'crt  lime-ottoe 

USB?  A:li:  I  nnally  wr  enn  Etoeto  h,ic  l.se«  F-g  ?J  eilher 
to  L-itHih  aiyu  Vie  gate  ca  saula-ice  wilh  e  viylage  source 
(BlpndenJI  cr  ■A'fti  a  cvireni  sow*  specially  oesiori  iot  toe 
17Q0V I  GST  senes  |1  speeds  up  Ihe  lum-oii  lime  to  the 
IGQT;  Tim  i:n::;c,--il  liicloiy  selling  in  voloyc  sounco  (l^ir 
*  ft  i;  Using  II  «  cwr-ent  ssu’ie  I  t ,  n*..  nnusi,  be  0  £1 


FiS-8  Vcon-  vnwefdnn  with  [Mrarr*lBm  Rct,  Get 

8.  Soitium-ert 

In  case- of  short -crept  a  furll-»nr  circuit  ISO  FT  TURhl-OFF) 
increases  Ihe  resistance  in  series  wilh  Rp*i  and  lurra-olT 
Lhu  IGQT  at  a  iuc>i*i  speed  This  pr-mijees  S  Sirtalhsi  voltage 
spike  (due  LSThtAf  *  uroil)  above  ihe  DC  link  by  lefluctoo 
Lnu  di'ilt  value.  Bbculmi  in  itfiort-cinnat candtbns  the  ha- 
mooeneoos  iGBT's  peat  curveol  increases  up  to  a  tones 
the  nominal  current  |up  lo  i  0  Limea  will-  Epitaxial  IGBT 
slrurt.imsv  end  some  stray  IncfucttoiW  Is  ever  present  in 
power  l  i  L  ulls  it  must  M  lo  zero  in  a  lunger  linieihan  St 
nunnal  opufalicn.  Ths  "an Ft  Inmt-oH  brie"  ran  be  isduostl 
by  connecting  a  pamliel  resistor  Rare-SC  (see  Fig  2)  wllh 
tosso  already  on  Ihe  primed  cucut  hoard 


t,  v,_.  monlLerlng 

Th*  ckcPt  I?  mspunsihle  Ipf  shprt-cBuiitser*ng.  Dyelh 
toe  cured  measurement  pi  Vcuoi  on  too  i-CBT's  cdiector 
it  blocks  llic  culpa  I  buffer  Ithruugh  Ihe  sur  luin-nlT c ruuil- 
■n  case  of  slKYl-dncv*  *nd  seods  a  siaiiei  to  toe  ERROR 
mmiDry  on  ton  primary  ark:.  Ttw  iai:ognilkrn  uf  which  V,-; 
Ih-vhI  imjsl  he otitki denari  as  e  short  ciiCLiit  sruenl,  aadyjsffiri 
tiy  R;-p  and  Cc-  (■see  Fig.  0.  end  t  dupuuds  to  Pie  liGQT 
used  Typ»ces  values  «;.£  =  l-Bkt j  and  Ccb  -^30  PF  for  Skni 
1 C  uia  do  ivurud  TrufTi  ractury  (Fig.  6,  cltvo  2>  L :  ig  SKhl 
1  Cli'l  ?  Ihe  dri.xirwi.  be  ddivnrrcd  wilh  fi  =  33  blardCgs 

*  470  sF  (tom  Tacnary. 

Thu  V.jE'V  k  nulaJjliu  bul  u  dynaniiu  ir'lrr lt>lu  whch  lims 

an  etporortiai  shape  slBdina  at  adad  1SV  and  decreases 
B  Vi-a «i:  |5V  s  VcFi-.r  s  mV  dficarminaied  by  R.u-J.  wih  a 
t  me  constant  t  (0  5-  MB  i  t  ^  lms  cpnlFQlleil  hy  Csth  The 
Vcimm  rhuflt  be  a^jLBted  lo  'uu  a  i  aCievts  Verm  i'l  rrurual 
operaoe  (too  i<3bt  is  already  m  fu  selurahonj 

To  avoid  a  false  r»iure  indsaiiui  ■  when  toe  IGQT  juet  awns- 
to  OUi'iducL  |V;ir»  value  a-ulil  UP  h  y‘i‘-  SDTt  deuey  lilio 
must  he  pipoded  tor  toe  Vceui  **  lh®  Vce  Eignpi  « 

nL!:r  i;b  ly  lnnto-d  aL  1 0V.  tic-  ccuay  tmo  to  V;:i  ,.i  mual  ia uch 
tlis  level  iiftor  V^t  or  a  faluc  indicnban  will  occur  (sea 
Fig  6.  stfve  1 )  A  Uh  is  defined  as  runoHon  or  Vrs-^  .*  aixl  t 
to  into  cut  toe  besi  c-hrKe  tor  Roe  end  vce  |wm  F  ig  6  curve 
2\  The  Mme  toe  hjQT  ramg  to  the  ipv  (reFesetoed  hy  e 
j  in  Fig.  6/  depends  m  Ihu  GOT  ihfdr  and  R,  used. 

The  Ftct  end  Ckt  vekie^  can  he  toi.ind  iirnn  Fl^  t  by  bikini} 
Vie  Vclsij  end  Uii  as  input  values  with  TlJ lowing  nsmaiki. 

*  Rtf  >  10ht£l 
'Cce  ^  ?-7nF 

AttfitoHm!:  H  Ihrs  tonclinn  k  net  UWd.  (to  etampm  diinnrf 
Pie  uzperimanlal  phase.  Idle  Vce  MOWTDRIMG  niLBt  be 
connecied  with  toe  emitte  h  ouIfI  lo  svoid  poesfi  e  tout 
fndioulicn  and  Lcnsequerf  uules  gnu  bbckre). 

1ft.  ft,™,  Rvr. 

These  Iwo  losistors  are  rescan  si  Lie  Tor  ihe  swfthing  speed 
of  each  IGQT  As- an  IGQT  lias  rip Ut  capacitance  (varying 
dupng  the  switching  time)  which  must  be  changed  and 

deohurgod.  balh  nosiikus  will  didtulo  whal  tmi:  must  tie- 

cahen  to  do  this  The  fnal  >aue  or  resmlance  rs  citocuE  lo 
predid.  tncauss  it  depends  bn  niany  parameters,  as  Id- 
lew 

■>  DC-link  voltage 

*  stmy  ndbctonoe  to  mo  cimof 

*  switching  (reqjency 
■■  type- ar  IGST 

C.  -Operating  Procedure 

1,  One  IGET  ctMinectfeu 

Torealjethfl corned swltohngaiidshcrl^srcull  monitoring 
of  ere  IGQT  seme  uddhktrolcjdcriid  ccnipaiusnls  inusl  be 
oeed  |Ftg  g> 

The  driver  is  delivered  wth  Tour  Rj  resislcrs  (43lt|  This 
vetia  car.  tw  reduced  to  use  toe  driver  with  tvgger  mpdtoee 
or  higher  frequericea'lower  vtolages  by  pouting  addMOnai 

rcsislors  in  paralhH  to  Ihe  exuding  ones. 
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Fta.Tfl  Ith  at  luncllon  of  Fes  and  Ccc 

The  ::i.:;:'x:;  G  and  G  -  won:  pr  evrcr.ro J  Id  cxirnect  I'm 
driven  wllh  more  lhan  me  IGBT  (paraieing)  Hi  (Ml  case 

twihfignA&QN.’OFF  te  [stalely  fa  i^nnpd; 

ttoisi  e*1emai  resjElot  and  Ri**  to  each  iGer  ir-orty 
cmelGBT  isl::  he:  i. :■■::!  yih  suggest  in  rmnesri!  both  points 
i^eVier  llvough  J2  (see  Fip  1  and  2f  Th&o&rt  be  deoe 
by  soldering  lie  !wc:  sinall  pods  lugulher.  whkili  saves  me 
aniernai  cawwclion. 


Topical  oainpmurrt  vuli.es:  "  | 


BK-IGBT-Modute 

Hr,n 

Si 

Fi  -1 

Si 

Cct 

Rrjf 

HI 

hyr 

li 

SKM  75GAL123C1 

21 

22 

3-Ti 

13 

0 

Vd.l  '  :>■•!  ,r  I-  :' 

15 

15 

13 

0 

SKM  lSOGALfftllZM) 

1J 

ij 

WO 

13 

0 

SKM20ftSAlURH23D 

IQ 

if 

:i:yi 

13 

n 

9KM  SOOGAiuRJI  HD 

62 

Hi 

10 

cl 

SKM  400GA  I23D 

OS 

K& 

:l:Vi 

ifl 

0 

SKM  600GAI  2SD 

se 

S.6 

IS 

0 

Tniiki  2a  12MV  GETS;  DC-infc*  700V 


SK-IGBT-Mixluie 

RfiOl 

il 

R;:-iVi 

a 

Co 

PP 

Res 

k^i 

la^-v 

Li 

SKM  200GAL1730 

6  2 

B2 

i7Q 

36 

0 

SKM  3O0GA173D 

63 

63 

■170 

36 

0 

SKM  -10CGA173 

66 

5.i 

■170 

36 

0 

Table  20  1700V  IGBT@  DC-HnM  1000V 
■)  Only  starling  values.  far  Trial  Diiliinizalion. 

Ttse  adjoslmern  &  H^x-.  jladory  adlutted  Fp^-rse  =  22  ill 
should  lx:  tin  Tie  aljscrving  Ihi:  ov  envoi  kigcs  at  I  hr  module 
In  r-35e  cH  5hpr|  crcpft  WTian  having  a  Ipw  ndnc.ir.ia  OG-ir*. 
Ihu  module  can  be  s*1  lehud  oil  faster 

Th?  vaIuas.  shown  shwiKJ  tJ»  as  standard 

values  For  a  mcch  ;inic  nl-clcclrical  assembly,  wilh  ac 


Fig.  7b  Vtemn  as  Fjnr.bon  of  R;F 


Fig.  6  FieAyfred  elandeid  circuit 

capiabl*  stray  Ifidudbuicp  le-vot,  using  o  nly  one  Ititf I 
per  SKHI1D  driver.  The  final  optimiied  value  can  be 
found  only  by  measuring. 

2.  ParAllflimg  IfiBT? 

Tim  parallal  cammdim  is  rrecitmirulcicl  only  by  using 
IGBT&  wilh  ItCUTiCifyartfKlLfi  SlfuClua  (IGHT>.  N  .H  'lavs  e 
positive  lempergijjng  ocetioent  routing  n  a  petted  cur- 
n  -  il  sharing  wilhaLt  any  external  ULHliary  etamnnC.  Afln  all 
Wire  card  must  hn  contrite  Mfl  In  reach  an  apfimired  cJnrj,it 
and  te  dbtam  Etie  local  performance  crtlie  IGBT I  "iy  9i  Ties 
•Gbtb  ihubJ  have  Indeperdem  values  or  R;h.  and  Rom.  An 
auxiliary  flintier  rasskir  Rt  ,is  well  as  an  Aiixikary  elector 
ne&stor  femust  also  be  used 

The  exiemal  reeiatos  R^yit,  R  ,  and  R  ,  should  be 
■mounted  cm  bt.  edteKnai  drain  board  near  the  pergiiflied 
modules  an:!  the  R-.-jR.^  m  Ihr:  dr  ver  stju  <1  be  char  god 
biaradn 

The  FL  ...  assu  res  a  value  of  O.Sfii  and  is  rundion  s  Id 
comaeosate  tbe  will's  reelslahce-  in  the-  ausiiary  enrftert 
Whal  ggubf  make  Ihe  tedlter  village  agains.1  ground  litea- 
IlMlffflfl 

The  R  ,  assume:  a  vakiecf  47  Li  and  Ms  lurd  nil  is !::  crivile 
an  ave'age  value  of  Vceip  m  caaa  of  alxnE  dnouil  to  Vce 
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F^.9  Preflfif rad  drCuiL  ior  paralleled  IGBTs 

The  mnclianical  nssoTtily  of  (he  pcuinr  nrcun  musl  tie 

aymmelwal  s rd  kw  (rduciiv-B. 

The  masurium  reccnunariited  gala  charpa  e.g.^jC. 

Sec  aSe  FI»H, 

0.  Signal  Waveform! 

rhsldkmlng  signal  Y.3V‘d!ijiiT'i  mte  iwaau red  under  ihe 

ecndtlion*  Mow' 

*Vb  *■  1 5V 

»T„t  -  25^ 

*  Iced  -  SKM1 5CGA.L  16lD 
=  iaku 
*ctf-a»pF 
iUK=  1200  V 
■  He1®  IOTA 

All  n;  slits  arn  topical  values  if  nr/  DC  he  mi  xe  specified. 

The  imi  !ii:::uLT,:y  of  SXHl  IQ  expands  on  the  gaJn  change 
connected  ri  ils  u jlpjl  pins 

M  small  KJFj  r  *no»ji*a  uih  uinM.  The  iraqiieocy  cojkl  Iheo- 


Fig.  1 1  Ootpvl  vottage  I Voe!  and  ouipui  Curran  fai 


.  !  J  b**  !  !  - 

_ 

VlUrtXb 

7  ; 

■±8m 

|  Wc 

P£fiih.  ■"  ■:-«  ■fJ 

V-ffllWHfr  »*-*!**  , 

i : i 

Fig  1?  Short  cirwi  erd  EHROfl  ptOpBOBhcn  Hmti 
wdisl-casB  (Vnwilh  SC  already  piesnrh 
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Fig.  1 3  Effect  of  Rgoif-SC  in  short  -  circuit 


Fig.  14  Maximum  operating  frequency  x  gate  charge 

retically  reach  100kHz.  For  bigger  modules  or  even  paral¬ 
leled  modules,  the  maximum  frequency  must  be  determi¬ 
nate  (Fig.  14).  Qg  is  the  total  equivalent  gate  charge 
connected  to  the  output  of  the  driver.  The  maximum  allo¬ 
wed  value  is  limited  (9,6pC),  and  depends  on  the  output 
internal  capacitance  connected  to  the  power  supply  (ener¬ 
gy  storage  capacitance). 


E.  Application  /  Handling 

1.  The  CMOS  inputs  of  the  driver  are  extremely  sensitive 
to  overvoltage.  Voltages  higher  than  (Vs  +  0,3  V)  or  under 
-  0,3  V  may  destroy  these  inputs. 

Therefore  the  following  safety  requirements  are  to  be  ob¬ 
served: 

•  To  make  sure  that  the  control  signals  do  not  comprise 
overvoltages  exceeding  the  above  values. 

•  Protection  against  static  discharges  during  handling.  As 
long  as  the  hybrid  driver  is  not  completely  assembled 
the  input  terminals  must  be  short  circuited.  Persons 
working  with  CMOS  devices  should  wear  a  grounded 
bracelet.  Any  floor  coverings  must  not  be  chargeable. 
For  transportation  the  input  terminals  must  be  short 
circuited  using,  for  example,  conductive  rubber.  Places 
of  work  must  be  grounded.  The  same  foam  require¬ 
ments  apply  to  the  IGBTs. 

2.  The  connecting  leads  between  the  driver  and  the  power 
module  must  be  as  short  as  possible,  and  should  be  twisted. 

3.  Any  parasitic  inductance  should  be  minimized.  Over¬ 
voltages  may  be  damped  by  C  or  RCD  snubber  networks 
between  the  main  terminals  [3]  =  Cl  (+)  and  [2]  =  E2  (-)  of 
the  power  module. 

4.  When  first  operating  a  newly  developed  circuit,  low 
collector  voltage  and  load  current  should  be  used  in  the 
beginning.  These  values  should  be  increased  gradually, 
observing  the  turn-off  behavior  of  the  free-wheeling  diodes 
and  the  turn-off  voltage  spikes  across  the  IGBT  by  means 
of  an  oscilloscope.  Also  the  case  temperature  of  the  power 
module  should  be  monitored.  When  the  circuit  works  cor¬ 
rectly,  short  circuit  tests  can  be  made,  starling  again  with 
low  collector  voltage. 

5.  It  is  important  to  feed  any  ERROR  back  to  the  control 
circuit  to  switch  the  equipment  off  immediately  in  such 
events.  Repeated  turn-on  of  the  IGBT  into  a  short  circuit, 
with  a  frequency  of  several  kHz,  may  destroy  the  device. 

For  further  details  ask  SEMIKRON 

Nr.  11 224040 
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D.  LF347  QUAD  OPERATIONAL  AMPLIFIERS 


LF347,  LF347B 
JFET-INPUT 
QUAD  OPERATIONAL  AMPLIFIERS 

SLOS013B- MARCH  1967-REV1SED  AUGUST  1994 


Low  Input  Bias  Current . . .  SO  pA  Typ 
Low  Input  Noise  Current 
0.01  pA/nHz  Typ 
Low  Total  Harmonic  Distortion 
Low  Supply  Current ...  8  mA  Typ 
Gain  Bandwidth  ...  3  MHz  Typ 
High  Slew  Rate  ...  13  V/ps  Typ 
Pin  Compatible  With  the  LM348 


D  OR  N  PACKAGE 
(TOP  VIEW) 


iout[ 

73“ n 

14  . 

1 1N  -[ 

2 

13 ; 

1 1N  ♦  [ 

3 

12 ; 

Vcc  +  i 

4 

ii 

2IN  ♦  [ 

5 

io : 

2IN  —  [ 

6 

20UT[ 

8] 

description 

These  devices  are  low-cost,  high-speed.  JFET-input  operational  amplifiers.  They  require  low  supply  current  yet 
maintain  a  large  gain-bandwidth  product  and  a  fast  slew  rate.  In  addition,  their  matched  high-voltage  JFET 
inputs  provide  very  low  input  bias  and  offset  current. 

The  LF347  and  LF347B  can  be  used  in  applications  such  as  high-speed  integrators,  digital-to-analog 
converters,  sample-and-hold  circuits,  and  many  other  circuits. 

The  LF347  and  LF347B  are  characterized  for  operation  from  O'C  to  70  'C. 

symbol  (each  amplifier) 


> 


OUT 


AVAILABLE  OPTIONS 


V|Omax 
AT  25  C 

PACKAGE 

Ta 

SMALL  OUTLINE 
(D) 

PLASTIC  DIP 
(N) 

0*C  to  70°C 

10  mV 

LF347D 

LF347N 

5  mV 

LF347BD 

LF347BN 

The  D  packages  are  available  taped  and  reeled.  Add  R  suffix  to  tt>e  device 
type  (e.g..  LF347DR). 

absolute  maximum  ratings  over  operating  free-air  temperature  range  (unless  otherwise  noted) 

Supply  voltage.  Vcc  +  . 18  V 

Supply  voltage  Vcc  _  . -18  V 

Differential  input  voltage.  V!D  . ±30  V 

Input  voltage,  V|  (see  Note  1)  . ±15  V 

Duration  of  output  short  circuit  .  unlimited 

Continuous  total  power  dissipation  .  See  Dissipation  Rating  Table 

Operating  temperature  range  .  0°C  to  70°C 

Storage  temperature  range  . -65°C  to  150r'C 

Lead  temperature  1,6  mm  (1/16  inch)  from  case  for  10  seconds  .  260°C 

NOTE  1:  Unless  otherwise  specified,  the  absolute  maximum  negative  input  voltage  is  equal  to  the  negative  power  supply  voltage. 


_ _  JlJIUi 

Products  content  to  spocihcMons  ptr  it*  Icons  of  Twos  Instruments 
suntU’d  warranty  Production  processing  dots  not  nocosuntj  rctde 


TfcXAS 

Instruments 


Copyright  z  1994.  Texas  Instruments  Incorporated 
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CONNECTION  DIAGRAM 


UC1637 

UC2637 

UC3637 


PLCC-20,  LCC-20 
(TOP  VIEW) 

Q.  L  Packages 


SOIC-20  (TOP  VIEW) 
DW  Package 
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PACKAGE  PIN 
FUNCTION 

FUNCTION 

PIN 

♦Vth 

1 

Ct 

2 

-Vth 

3 

Acc- 

4 

-Vs 

C 

N/C 

♦Vs 

7 

Bout 

8 

♦Bis 

9 

-Bn 

10 

-Ajn 

11 

♦As 

12 

♦Ot 

13 

-C/L 

14 

SHUTDOWN 

15 

N/C 

16 

♦E/A 

17 

-E/A 

18 

E/A  OUTPUT 

19 

ISET 

20 

ELECTRICAL  CHARACTERISTICS:  Unless  otherwise  stated,  these  specifications  apply  for  Ta  *  -55“C  to  +125‘C  tor  the 

UC1637;  -25°C  to  ♦SS-C  for  the  UC2637;  and  0“C  to  ♦TO-C  for  the  UC3637;  eVs  * 
♦15V,  -Vs  =  -  15V,  +Vth  *  5V, -Vth  =  -5V,  Rt  *  16.7kU  Ct*  1500pF,  Ta*Tj. 


PARAMETER 

TEST  CONDITIONS 

UC1637/UC2637 

UC3637 

UNITS 

MIN  |  TYP  MAX 

MIN  |  TYP 

MAX 

Oscillator 

Initial  Accuracy 

j  =  2S“C  (Note  6) 

9.4 

10 

10.6 

9 

10 

11 

kHz 

Voltage  Stability 

Vs  »  ±5V  to  ±20 V,  Vpin  i  *  3V. 

V=IN  3  *  -3V 

5 

7 

5 

7 

% 

Temperature  Stability 

Over  Operating  Range  (Note  3) 

0.5 

2 

0.5 

2 

% 

♦Vth  Input  Bias  Current 

V=IN  2*6  V 

-10 

0.1 

10 

-10 

0.1 

10 

l*A 

-Vth  Input  Bias  Current 

V=iS2*  0V 

-10 

-0.5 

-10 

-0.5 

mA 

♦Vth,  -Vth  Input  Range 

♦Vs-2 

-Vsv2 

♦Vs-2 

-Vs*2 

V 

Error  Amplifier 

Input  Offset  Voltage 

Vcm  *  OV 

1.5 

5 

1.5 

10 

mV 

Input  Bias  Current 

Vcv  ■  0V 

0.5 

5 

0.5 

5 

pA 

Input  Offset  Current 

Vcm  »  0V 

0.1 

1 

0.1 

1 

pA 

Common  Mode  Range 

Vs  -  ±2.5  to  20 V 

-Vs*2 

♦Vs 

-Vs«2 

♦Vs 

V 

Open  Loop  Voltage  Gain 

Rl  *  10k 

75 

100 

80 

100 

dB 

Slew  Rate 

15 

15 

V/UB 

Unity  Gain  Bandwidth 

2 

2 

MHz 

CMRR 

Over  Common  Mode  Range 

75 

100 

75 

100 

dB 

PSRR 

Vs  »  ±2.5  to  i20V 

75 

110 

75 

110 

dB 
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UNITRODE  UC3637  PWM  DRIVER  IC 


y 

UNITRODE 

Switched  Mode  Controller  for  DC  Motor  Drive 


UC1637 

UC2637 

UC3637 


FEATURES 


DESCRIPTION 


•  Single  or  Dual  Supply 
Operation 

•  ±2.5V  to  ±20V  Input  Supply 
Range 

•  ±5%  Initial  Oscillator 
Accuracy;  ±  10%  Over 
Temperature 

•  Pulse-by-Pulse  Current 
Limiting 

•  Under-Voltage  Lockout 

•  Shutdown  Input  with 
Temperature  Compensated 
2.5V  Threshold 


The  UC1637  is  a  pulse  width  modulator  circuit  intended  to  be  used  for  a  variety  of 
PWM  motor  drive  and  amplifier  applications  requiring  either  uni-directional  or  bi¬ 
directional  drive  circuits.  When  used  to  replace  conventional  drivers,  this  circuit 
can  increase  efficiency  and  reduce  component  costs  for  many  applications.  All 
necessary  circuitry  is  included  to  generate  an  analog  error  signal  and  modulate 
two  bi-directional  pulse  train  outputs  in  proportion  to  the  error  signal  magnitude 
and  polarity. 

This  monolithic  device  contains  a  sawtooth  oscillator,  error  amplifier,  and  two 
PWM  comparators  with  +100mA  output  stages  as  standard  features.  Protection 
circuitry  includes  under-voltage  lockout,  pulse-by-pulse  current  limiting,  and  a 
shutdown  port  with  a  2.5V  temperature  compensated  threshold. 

The  UC1637  is  characterized  for  operation  over  the  full  military  temperature  range 
of  -55°C  to  +125°C,  while  the  UC2637  and  UC3637  are  characterized  for  -25°C  to 
+85°C  and  0°C  to  +70°C,  respectively. 


•  Uncommitted  PWM 
Comparators  for  Design 
Flexibility 

•  Dual  100mA,  Source/Sink 
Output  Drivers 


BLOCK  DIAGRAM 


ABSOLUTE  MAXIMUM  RATINGS  (Note  1) 

Supply  Voltage  (iVs) . ±20V 

Output  Current,  Source/Sink  (Pins  4,  7) .  500mA 

Analog  Inputs  (Pins  1, 2,  3,  8,  9, 10, 11  12, 13, 14, 15, 16) . ±Vs 

Error  Amplifier  Output  Current  (Pin  17) . ±20mA 

Oscillator  Charging  Current  (Pin  18) .  -2mA 

Power  Dissipation  at  Ta  =  25°C  (Note  2) .  lOOOmW 

Power  Dissipation  at  Tc  =  25°C  (Note  2) .  2000mW 

Storage  Temperature  Range .  -65°Cto+150°C 

Lead  Temperature  (Soldering,  10  Seconds) . +300°C 


Note  1:  Currents  are  positive  into,  negative  out  of  the  specified  terminal. 

Note  2:  Consult  Packaging  Section  of  Databook  for  thermal  limitations  and  considerations 
of  package. 


+Am  -Ah 


8HUTDOWN 

Aout 


Bout 


-C/L 

+C/L 


Note:  Fault  latches  are  reset  dominant. 


6/97 
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CONNECTION  DIAGRAM 


UC1637 

UC2637 

UC3637 


SOIC-20  (TOP  VIEW) 
DW  Package 
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PLCC-20,  LCC-20 
(TOP  VIEW) 

Q.  L  Packages 
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t  1  2019 
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w  19 
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17 
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19 
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15 
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14 

9 

10  11  12  19 

PACKAGE  P 
FUNCTION 

IN 

FUNCTION 

PIN 

♦Vth 

1 

Ct 

2 

-Vth 

3 

Aocr 

4 

-Vs 

A 

N/C 

♦Vs 

7 

Bou 

8 

♦Bis 

9 

-Bin 

10 

-Ajn 

11 

♦Ais 

12 

♦C/L 

13 

-C/L 

14 

SHUTDOWN 

15 

N/C 

16 

♦E/A 

17 

-E/A 

18 

E/A  OUTPUT 

19 

ISET 

20 

ELECTRICAL  CHARACTERISTICS:  Unless  otherwise  stated,  ihese  specifications  apply  for  Ta  =  -S5"C  to  +125'C  for  ihe 

UC1637;  -25°C  to  ♦85‘C  for  the  UC2637;  and  <TC  to  »70“C  for  the  UC3637;  rVs  « 
♦1 5V.  -Vs  *  -  15V,  +Vth  ■  5V,  -VrH  »  -5V,  Rt  ■  16.7kU  Ct  =  1500pF.  Ta=Tj. 


PARAMETER 

TEST  CONDITIONS 

UC1 637/UC2637 

UC3637 

UNITS 

MIN 

TYP  MAX 

MIN  |  TYP 

MAX 

Oscillator 

Initial  Accuracy 

j  =  2S°C  (Note  6) 

94 

10 

10.6 

9 

10 

11 

kHz 

Voltage  Stability 

Vs  ■  ±5V  to  ±20V,  Vpin  i  *  3V. 

V°IN  3  *  -3V 

5 

7 

5 

7 

% 

Temperature  Stability 

Over  Operating  Range  (Note  31 

0.5 

2 

0.5 

2 

% 

♦Vth  Input  Bias  Current 

Vpin  2  =  6V 

-10 

0.1 

10 

-10 

0.1 

10 

mA 

-Vth  Input  Bias  Current 

Vpin  2  *  0V 

-10 

-0.5 

-10 

-0.5 

♦Vth,  -Vth  Input  Range 

♦Vs-2 

-Vs»2 

♦Vs-2 

-Vs»2 

V 

Error  Amplifier 

Input  Offset  Voltage 

Vcm  ■  OV 

1.5 

5 

1.5 

10 

mV 

Input  Bias  Current 

Vcm  ■  0V 

0.5 

5 

0.5 

5 

HA 

Input  Offset  Current 

Vqm  ■  0V 

0.1 

1 

0.1 

1 

pA 

Common  Mode  Range 

Vs  ■  ±2.5  to  20V 

-Vs»2 

♦Vs 

-Vs*2 

♦Vs 

V 

Open  Loop  Voltage  Gain 

Rl  *  10k 

75 

100 

80 

100 

dB 

Slew  Rate 

15 

15 

V^is 

Unity  Gain  Bandwidth 

2 

2 

MHz 

CMRR 

Over  Common  Mode  Range 

75 

100 

75 

100 

dB 

PSRR 

Vs  =  ±2.5  to  t20V 

75 

110 

75 

110 

dB 
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ELECTRICAL  CHARACTERISTICS:  Unless  otherwise  stated,  these  specifications  apply  for  Ta  -  -55“C  to  »125‘C  for  the 

UC1637;  -25 °C  to  e85'C  for  the  UC2637;  and  0“C  to  *70“C  for  the  UC3637:  Vs  * 
♦15V. -Vs  *-  1SV,  »VrH*  5V.  -Vth  *  -5V,  Rt  *  16.7kil,  Ct  *  1500pF,  Ta*Tj 


PARAMETERS 

TEST  CONDITIONS 

UC1637/UC2637 

OC3637 

UNITS 

MIN  |  TYP 

MAX 

MIN  |  TYP  |  MAX 

Error  Amplifier  (Continued! 

Output  Sink  Current 

Vpis  u  ■  OV 

-50 

-20 

-50 

-20 

mA 

Output  Source  Current 

Vpin  17  ■  OV 

5 

11 

5 

11 

mA 

High  Level  Output  Voltage 

13 

13.6 

13 

13.6 

V 

Low  Level  Output  Voltage 

-14.8 

-13 

-14.8 

-13 

V 

PWM  Comparators 

Input  Offset  Voltage 

Vcu  =  OV 

20 

20 

mV 

Input  Bias  Current 

Vcm  ■  OV 

2 

10 

2 

10 

mA 

Input  Hysteresis 

Vcm  *  OV 

10 

10 

mV 

Common  Mode  range 

Vs  *  i5V  to  ±20V 

-Vs»1 

♦Vs-2 

-Vs»1 

♦Vs-2 

V 

Current  Limit 

Input  Offset  Voltage 

Vcm»  OV.  Tj  «  25‘C 

190 

200 

210 

180 

200 

220 

mV 

Input  Offset  Voltage  T.C. 
Input  Bias  Current 

-0.2 

-0.2 

mV/°C 

-10 

-1.5 

-10 

-1.5 

pA 

Common  Mode  Range 

Vs  «  ±2.5V  to  ±20V 

-Vs 

♦Vs-3 

-Vs 

♦Vs-3 

V 

Shutdown 

Shutdown  Threshold 

(Note  4) 

-2.3 

-2.5 

-2.7 

-2.3 

-2.5 

-2.7 

V 

Hysteresis 

40 

40 

mV 

Input  Biss  Current 

Vpis  u*  ♦Vs  to -Vs 

-10 

-0.5 

-10 

-0.5 

mA 

Under-Voltage  Lockout 

Start  Threshold 

(Note  5) 

4.15 

5.0 

4  15 

SO 

V 

Hysteresis 

0.25 

0-25 

mV 

Total  Standby  Current 

Supply  Current  |  |  |  8.5  15  |  |  8.5  15  |  mA 

Output  Section 

Output  Low  Level 

Isink  =  20mA 

-14.9 

-13 

-14.9 

-13 

V 

Ieisk  »  100mA 

-14.5 

-13 

-14.5 

-13 

Output  High  Level 

•source  ■  20mA 

13 

13.5 

13 

13.5 

V 

(source*  100mA 

12 

13.5 

12 

13.5 

Rise  Time 

(Note  3)  Cl  *  Inf,  Tj  *  2S°C 

100 

600 

100 

600 

ns 

Fall  Time 

(Note  3)  Cl  *  Inf.  Tj  *  2S°C 

100 

300 

100 

300 

ns 

Note  3:  These  parameters,  although  guaranteed  over  the  recommended  operating  conditions,  are  not  100%  tested  In  production. 
Note  4 .  Parameter  measured  with  respect  to  *Vs  (Pin  6). 

Note  5.  Parameter  measured  at  *Vs  (Pin  6)  Mth  respect  to -Vs  (Pin  5). 

Note  6:  Rt  and  Ct  referenced  to  Ground. 

FUNCTIONAL  DESCRIPTION 

Following  is  a  description  of  each  at  the  functional  blocks 
shown  in  the  Block  Diagram. 

Oscillator 

The  oscillator  consists  of  two  comparators,  a  charging 
and  discharging  current  source,  a  current  source  set  ter¬ 
minal.  Isct  and  a  flip-flop.  The  upper  and  lower  threshold 
of  the  oscillator  waveform  is  set  externally  by  applying  a 
voltage  at  pins  +Vth  and  -Vth  respectively  The  +Vth  ter¬ 


minal  voltage  is  buffered  nternally  and  also  appfied  to  the 
tscr  terminal  to  develop  the  capacitor  charging  cirrent 
through  Rt.  If  Rt  is  referenced  to  -Vs  as  shown  in  Figure 
1.  both  the  threshold  voltage  and  charging  current  will 
vary  proportionally  to  the  supply  differential,  and  the  osciF 
lator  frequency  will  remain  constant  The  triangle  wave¬ 
form  oscillators  frequency  and  voltage  amplitude  is 
determined  by  the  external  components  using  the  formulas 
given  in  Figure  1. 
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PWM  Comparators 

Two  comparators  are  provided  to  perform  pulse  width 
modulation  for  each  of  the  output  drivers.  Inputs  are  un¬ 
committed  to  allow  maximum  flexibility.  The  pulse  width  of 
the  outputs  A  and  B  is  a  function  of  the  sign  and  ampli¬ 
tude  of  the  error  signal.  A  negative  signal  at  Pin  10  and  8 
will  lengthen  the  high  state  of  output  A  and  shorten  the 
high  state  of  output  B.  Likewise,  a  positive  error  signal  re¬ 
verses  the  procedure.  Typically,  the  oscillator  waveform  is 
compared  against  the  summation  of  the  error  signal  and 
the  level  set  on  Pin  9  and  1 1 . 

MODULATION  SCHEMES 

Case  A  Zero  Deadtime  (Equal  voltage  on  Pin  9  and  Pin  1 1 ) 
In  this  configuration,  maximum  holding  torque  or  stiffness 
and  position  accuracy  is  achieved.  However,  the  power  in¬ 
put  into  the  motor  is  increased.  Figure  3A  shows  this  con¬ 
figuration. 

Case  B  Small  Deadtime  (Voltage  on  Pin  9  >  Pin  11) 

A  small  differential  voltage  between  Pin  9  and  11  provides 
the  necessary  time  delay  to  reduce  the  chances  of  mo¬ 
mentary  short  circuit  in  the  output  stage  during  transi¬ 
tions,  especially  where  power-amplifiers  are  used  Refer  to 
Figure  3B 

Case  C  Increased  Deadtime  and  Deadband  Mode 

(Voltage  on  Pin  9  >  Pin  11) 

With  the  reduction  of  stiffness  and  position  accuracy,  the 
power  input  into  the  motor  around  the  null  point  of  the 
servo  loop  can  be  reduced  or  eliminated  by  widening  the 
window  of  the  comparator  circuit  to  a  degree  of  accep¬ 
tance.  Where  position  accuracy  and  mechanical  stiffness 
is  unimportant,  deadband  operation  can  be  used.  This  is 
shown  in  Figure  3C. 


Figure  2.  Comparator  Biasing 


Output  Drivers 

Each  output  driver  is  capable  of  both  sourcing  and  sinking 
100mA  steady  state  and  up  to  500mA  on  a  pulsed  basis 
for  rapid  switching  of  either  POWERFET  or  bipolar  tran¬ 
sistors.  Output  levels  are  typically  -Vs  +  0.2V  @50mA  low 
level  and  +VS  -  2.0V  @50mA  high  level. 

Error  Amplifier 

The  error  amplifier  consists  of  a  high  slew  rate  (15V/ps) 
op-amp  with  a  typical  1MHz  bandwidth  and  low  output  im¬ 
pedance.  Depending  on  the  ±Vs  supply  voltage,  the  com¬ 
mon  mode  input  range  and  the  voltage  output  swing  is 
within  2V  of  the  Vs  supply 

Under-Voltage  Lockout 

An  under-voltage  lockout  circuit  holds  the  outputs  in  the 
low  state  until  a  minimum  of  4V  is  reached.  At  this  point, 
all  internal  circuitry  is  functional  and  the  output  drivers  are 
enabled.  If  external  circuitry  requires  a  higher  starting  volt¬ 
age,  an  over-riding  voltage  can  be  programmed  through 
the  shutdown  terminal  as  shown  in  Figure  4. 
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Figure  3.  Modulation  Schemes  Showing  (A)  Zero  Deadtime  (B)  Deadtime  and  (C)  Deadband  Configurations 


Shutdown  Comparator 

The  shutdown  terminal  may  be  used  for  implementing 
various  shutdown  and  protection  schemes  By  pulling  the 
terminal  more  than  2.5V  below  Vin,  the  output  drivers  will 
be  enabled.  This  can  be  realized  using  an  open  collector 
gate  or  NPN  transistor  biased  to  either  ground  or  the 
negative  supply.  Since  the  threshold  is  temperature  stabi¬ 
lized.  the  comparator  can  be  used  as  an  accurate  low 
voltage  lockout  (Figure  4)  and/or  delayed  start  as  in  Fig¬ 
ure  5.  In  the  shutdown  mode  the  outputs  are  held  in  the 
low  state. 


Current  Limit 

A  latched  current  limit  amplifier  with  an  internal  200mV 
offset  is  provided  to  allow  pulse-by-pulse  current  limiting. 
Differential  inputs  will  accept  common  mode  signals  from 


Figure  5.  Delayed  Start-Up 

-Vs  to  within  3V  of  the  +Vs  supply  while  providing  excel¬ 
lent  noise  rejection.  Figure  6  shows  a  typical  current 
sense  circuit. 


Figure  6.  Current  Limit  Sensing 
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MALLORY  ELECTROLYTIC  CAPACITOR 


NACC  Specification  Sheet 
For  Reference  Only 

Part  Number:  CGH102T450V3L 

Capacitance  (pF):  1,000 

Working  Volts  (WVDC):  450 
Tolerance  (±%):  -10% +75% 

Sleeve  Material:  Blue  PVC 


-  c  i.v'sa 


MallorY 


g 

'terti  AmcrixnCipaaDrOorpcny 

Product  Type:  CGH 

Operating  Temperature  (°C):  -40  to  +85 
Surge  Volts  (SVDC):  525 

Thickness:  .008" 

Max  ESR  @  120Hz  -  25°C  (MOhms):  83.4 

Max  ESR  @  20KHz  -  25°C  (MOluns):  534 

Max  lac  @  120Hz  -  85°C  (RMS  Amps):  4  8 
Max  Ripple  @  20KHz  -  85°C  (RMS  Amps):  6.0 
Max  DC  Leakage  Current: 

I  =  .006  VCV  after  5  Minutes 
Not  to  exceed  6  mA 

•  C  =  Capacitance  in  pF 

•  V  =  Rated  Voltage 

•  I  =  Leakage  Current  in  mA 

Performance  Specifications 

After  application  of  rated  DC  voltage  for 
1000  hours  at  +  85°C. 

•  CAP  <1 0  %  from  initial  measurement 

•  DF  <175  %  from  initial  measurement 

•  DCL  initial  specified  limits 


Other  Information 


Ripple  Multipliers 

The  maximum  ripple  current  at  85°C  and  120  Hz  is  shown  in  the  Stanard  Rating  T able. 
Maximum  ripple  current  may  be  adjusted  by  the  multipliers  in  the  following  tables. 


Rated 

WVDC 

Ripple  Multipliers 

120Hz 

400Hz 

lKHz 

2.5KHz 

lOKHz 

250  to  500 

1.000 

1.080 

1.113 

1.175 

1.230 

Ambient 

Temp 

Ripple 

Multiplier 

Ambient 

Temp 

Ripple 

Multiplier 

+85°C 

1.00 

+55°C 

2.00 

+75°C 

1.40 

+45°C 

2.25 

+65°C 

1.70 

+35°C 

2.45 

Shelf  Life  Test:  Use  a  circulating  air  oven  as  above  for  rated  shelf  life  ±6  hours.  Allow  capacitors  to  cool  to  room  temperature  and  stabilize  for  a  minimum  of  16  hours. 
Capacitance,  ESR  and  DCL  will  meet  initial  requirements. 

Shelf  Life:  Capacitors  stored  more  than  5  years  should  be  checked  for  DCL  to  see  if  they  meet  requirements.  Apply  rated  VDC  for  30  minutes  through  a  1000  Ohm  re  sister  to 
bring  DCL  within  limits . 
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G.  CLN-50  CURRENT  SENSORS 


Model  CLN-50/1 00 


Description 

Models  CLN-50  and  CLN-100  are  closed  loop  Hall  effect  current  sensors  that  accurately  measure  dc  and  ac 
current  and  provide  electrical  isolation  between  the  current  carrying  conductor  and  the  output  of  the  sensor. 


Electrical  Specifications 

Nominal  current  (lN) . 

Measuring  range . 

Sense  resistor . 

with  ±  12  V  at  ±  70  A  peak . 

at  ±  100  A  peak . 

at  ±  150  A  peak . 

with  ±  15  V  at  ±  90  A  peak . 

at  ±  100  A  peak . 

at  ±  150  A  peak . 

Nominal  analog  output  current . 

Turns  ratio . 

Overall  accuracy  at  25  ”C  and  ±  12  V . 

Overall  accuracy  at  25  °C  and  ±  15  V . 

Supply  voltage  (Vdc) . 

Dielectric  strength . 

(between  the  current  carrying  conductor 
and  the  output  of  the  sensor) 


CLN-50 


- 50  A  rms  - 

- 0  to  ±  90  A 


R.  min. 

R.  max. 

50  ohms 

90  ohms 

r/a 

r/a 

r/a 

r/a 

70  ohms 

100  ohms 

r\/a 

r/a 

ryb 

p/a 

50  mA 
1:1000 


- ±  0.9%  of  I  - 

- ±  0.5%  of  lN  - 

±  12  to  ±  15  (±  5%) 
3  kV  rms/50  Hz/1  min. 


CLN-100 

100  A  rms  - 

0  to  ±  150  A - 


R.  min. 

R.  max. 

tya 

n/a 

30  ohms 

55  ohms 

10  ohms 

25  ohms 

r/a 

n/a 

30  ohms 

85  ohms 

30  ohms 

40  ohms 

-  100  mA  - 

-  1:1000  - 

—  ±  0.9%  of  lN - 

—  ±  0.5%  of  lN  — 
±  12  to  ±  15  (±  5%) 
3  kV  rms/50  Hz/1  min. 


Accuracy-Dynamic  Performance 

Zero  current  offset  at  25  °C .  .  ±  0.2  mA  max. - 

Offset  current  temperature  drift . 

between  0  °C  and  +70  °C .  ±  0.3  mA  typ.,  *  0.6  mA  max. 

between  -25  °C  and  +85  °C .  ±  0.3  mA  typ.,  ±  0.8  mA  max. 

Linearity .  . better  than  ±0.1% - 

Response  time .  . less  than  500  ns  - 

di/dt  accurately  followed .  . better  than  100  A/ps  — 

Bandwidth .  . 0  to  150  kHz  (-1  dB)  — 


—  ±  0.2  mA  max. - 

0.3  mA  typ.,  ±  0.6  mA  max. 
0.3  mA  typ.,  ±  0.8  mA  max. 

—  better  than  ±0.1%  — 

—  less  than  500  ns  - 

—  better  than  100  A/ps  — 

—  0  to  150  kHz  (-1  dB)  — 


General  Information 

Operating  temperature .  . 40  °C  to  +85  °C -  40  °C  to  +85  °C  - 

Storage  temperature . . 40  °C  to  +90  °C -  40  °C  to  +90  °C  - 

Current  drain  (plus  output  current) .  . 10  mA  (at  ±  15  V) -  14  mA  (at  ±  15  V) - 

Coil  resistance 

at  +  70  °C .  . 30  ohms  - 30  ohms - 

at  +  85  °C .  . 35  ohms  - 35  ohms - 

Package .  . Flame  retarded  plastic  case - 

Weight .  . 18  grams - 21  grams - 

Mounting .  —  Designed  to  mount  on  PCB  via  thru  hole  connection  pins  — 

Aperture .  .  0.530"  x  0.390”  (13.5  mm  x  10  mm)  - 

Output  reference .  To  obtain  a  positive  output  on  the  terminal  marked  “O/P",  aper- 

.  ture  current  must  flow  in  the  direction  of  the  arrow  (conventional  flow) 


Notes 

1.  Thetemperatureofthecurrentcarryingconductorshould  not  exceed  90°C 

2.  Due  to  continuous  process  improvement,  all  specifications  listed  in  this  catalog  subjeettochangewithout  notice. 


Model  CLN-50/100 

Mechanical  Dimensions 

All  dimensions  are  in  inches  (millimeters) 
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Connection  Schematic 


DIPOLAR 

♦  12  TO  15V 

DC  SUPPLY 
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ANALOG  DEVICES  LOW  DISTORTION  ISOLATION  AMP 


□  ANALOG 
DEVICES 


120  kHz  Bandwidth,  Low  Distortion, 
Isolation  Amplifier 

AD215 


FUNCTIONAL  BLOCK  DIAGRAM 
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FEATURES 

Isolation  Voltage  Rating:  1.500  V  rms 
Wide  Bandwidth:  120  kHz,  Full  Power  (-3  dB) 

Rapid  Slew  Rate:  6  V/ps 

Fast  Settling  Time:  9  ps 

Low  Harmonic  Distortion:  -00  dB  @  1  kHz 

Low  Nonlinearity:  *0  005% 

Wide  Output  Range:  ±10  V,  min  (Buttered) 

Built-In  Isolated  Power  Supply:  ±15  V  dc  ±10  mA 
Performance  Rated  over  -40“C  to  r-BS'C 

APPLICATIONS  INCLUDE 
High  Speed  Data  Acquisition  Systems 
Power  Une  and  Transient  Monitors 
Multichannel  Muxed  Input  Isolation 
Waveform  Recording  Instrumentation 
Power  Supply  Controls 
Vibration  Analysis 


GENERAL  DESCRIPTION 

The  AD2 1 5  Is  a  IUh.Ii  speed  input  isolation  amplifier  drained  to 
isolate  and  amplify  wide  bandwidth  analog  signals.  The  innova 
live  circuit  and  transformer  design  of  the  AD215  ensures  wide 
band  dynamic  dial  artel inlks  while-  piescrving  key  dc  perfon nance 
spec  ihcal  Ions. 

The  AD21 5  provides  compiele  galvanic  isolalion  between  Ihe 
input  and  output  uf  tlie  device  Including  tile  user  available 
hunt  end  isolated  power  supplies.  The  functionally  complete 
design.  powered  by  a  ±  15  V  dc  supply,  eliminates  tike  need  for  a 
user  supplied  isolated  dc/dc  converter.  Hies  permits  (Ik-  designer 
to  minimize  c  Ircuit  overhead  and  reduce  overall  system  design 
complexity  and  componenl  costs. 

The  design  of  the  AD2 1 5  emphasizes  maximum  flexibility  and 
ease  of  use  in  a  broad  range  of  applications  where  fast  analog 
signals  must  lx-  measured  under  high  common  mode  voltage 
(CMV)  conditions.  The  AD2I5  has  a  ±  10  V  input/'oiitput 
range,  a  specified  gain  range  of  1  V/V  lo  10  V/V.  a  buffeted  out 
put  wilh  offset  trim  and  a  user  available  isolated  front  end 
power  supply  which  produces  ±  1 5  V  dr  at  ±  1 0  mA. 

PRODUCT  HIGHLIGHTS 

High  Speed  Dynamic  Characteristics:  Hie  AD215  features 
a  typical  full  power  bandwidth  of  120  kHz  (100  kHz  min),  rise 
time  of  3  pa  and  settling  lime  of  0  us.  The  high  speed  perfor 
malice  of  die  AD2I5  allows  for  unsurpassed  galvanic  isolation 
of  virtually  any  w  idefaand  dynamic  signal. 


REV.  0 

Information  furnished  by  Analog  Devices  is  believed  to  be  accurate  and 
reliable  However,  no  responsibly  is  assigned  by  Analog  Devices  tor  ns 
use.  nor  for  any  infrngemants  of  patents  or  ocher  rights  of  thrd  parties 
which  rruy  res  Lit  from  ts  use.  Mo  license  is  granted  by  impfecohon  or 
otherwise  indor  any  patent  or  patent  rights  of  Analog  Devices. 


Flexible  Input  and  Buffered  Output  Stages:  An  uncoftiinii 
ted  op  amp  b»  provided  on  the  input  stage  of  the  AD2 1 5  to 
allow  for  input  buffering  or  aniplifkation  and  signal  condition 
b*.  The  AD2I5  also  features  a  buffered  output  stage  to  diive 
low1  impedance  loads  and  an  output  voltage  triin  (or  zeroing  the 
output  offset  where  needed. 

High  Accuracy:  The  AD2 1 5  has  a  typical  nonlinearity  of 
±0.006%  (B  grade)  of  full  scale  range  and  tike  total  harmonic 
distortion  is  typically  80  dB  at  I  kHz.  Hie  AD215  provides 
designers  with  complete  isolation  of  tike  desited  signal  without 
loss  of  signal  integrity  or  quality. 

Excellent  Common  Mode  Performance:  The  AD215BY 
(AD215AY)  provides  1.600  V  rms  (750  V  nits)  common-mode 
voltage  protection  from  its  input  to  output.  Berth  grades  featuio 
a  law  common  mode  capacitance  of  4.5  pF  inclusive  of  the 
dc'dc  power  isolation.  I  his  results  in  a  typical  common  mode 
rejection  specification  of  105  dB  arid  a  low  leakage  current  of 
2.0 pA  tins  max  (240  V  rms.  60  Hz). 

Isolated  Power :  An  unregulated  isolated  power  supply  at 
±  15  V  dc  @  ±  10  mA  is  available  at  the  isolated  input  port  of 
the  AD2I5.  This  permits  the  use  at  ancillary  isolated  hunt  end 
amplifiers  or  signal  conditioning  components  w  ithout  tike  need 
for  a  separate  dc/dc  supply.  Even  the  excitation  of  transducers 
can  be  accontplislied  in  most  applications. 

Rated  Performance  over  the  -10’C  to  +I5‘C  Temperature 
Range:  Wilh  an  extended  industrial  tempe-tature  range  luting, 
live  AD2I5  is  an  ideal  isolation  solution  lor  use  in  many  indus 
trial  environments. 


*  Analog  Devices.  Inc  .  1996 

One  I ochnotogy  Way.  P.O.  Box  9106.  Norwood,  MA  02062-9106.  U.S.A 
Tel:  617/329-4700  Fax:  61 7/326-8703 
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AD215— SPECIFICATIONS  (typical  Q?  +25°C,  Vs  =  ±15  V  dc.  2  kli  output  load,  unless  otherwise  noted.) 


Parameter 

Conditions 

AD215AY/BY 

Min  Typ  Max 

Units 

GAIN 

Range1 

1  10 

V/V 

Error 

G  =  1  V/V.  No  load  on  V^ 

±0.5  ±2 

% 

vs.  Temperature 

(PC  to  +85:C 

♦  15 

ppm/C 

-40*C  to  (PC 

*50 

ppm,'  C 

vs.  Supply  Voltage 

±  (14.5  V  dc  to  16.5  V  dc) 

♦too 

ppnW 

vs.  Isolated  Supply  Load* 

♦20 

ppni/inA 

Nonlinearity* 

AD2I5BY  Giade 

±  10  V  Output  Sw  ing.  G  =  1  Vi *V 

±0.005  ±0.015 

% 

±  10  V  Output  Swing.  G  =  10  V/V 

±0.01 

% 

AD2I5AY  Grade 

±  10  V  Output  Swing.  G  1  V/V 

±0.01  ±  0.025 

% 

±  10  V  Output  Sw  ing.  G  =  10  V/V 

±0.025 

% 

INPUT  VOL.TACT  RATINGS 

Input  Voltage  Rating 

G  =  1  V/V 

±10 

V 

Maximum  Safe  DitTeientiaJ  Range 

IN*  or  IN  .to  IN  COM 

±15 

V 

CMRR  of  Input  Op  Amp 

100 

dB 

Isolation  Voltage  Rating* 

Input  to  Output.  AC.  60  Hi 

AD2I5BY  Grade 

100%  Tested4 

1500 

V  rms 

AD2I5AY  Crade 

100%  Tested4 

750 

V  rms 

IMRR  (Isolation  Mode  Rejection  Ratio) 

tfeSlOOQ(IN+ftlN-).G  =  IV/V.GOHi 

120 

dB 

Rs s  lOOfl  (IN*  &  IN-).  C,  =  1  V/V.  1  kH* 

100 

dB 

RsS  100 Q  (INt  &  IN  ).G  =  1  V/V.  10  kHz 

80 

dB 

RiS  1  kfl  (IN+  &  IN  ). G  =  1  V/V.  60 Hi 

105 

dB 

RsS  1  kfl  (IN+  &  IN  ).G  =  1  V/V.  1  kHz 

85 

dB 

RsS  1  kll  (IN+  &  IN  ).  G  =  1  V/V.  10 kHz 

65 

dB 

leakage  Current.  Input  to  Output 

210  V  rim.  60  Hi 

2 

pA  rms 

INPUT  IMPEDANCE 

Differential 

G  =  1  V/V 

16 

Mfl 

Common  Mode 

2||4.5 

C0||pF 

INPUT  OFFSET  VOLTAGE 

Initial 

&  +25*0 

±0.4  ±2.0 

mV 

vs.  Temperature 

(PC  to  +85!C 

±2 

pV/!C 

40:Cto0!C 

±20 

pV/C 

OUTPUT  OFFSET  VOLTAGE 

Initial 

&  t25‘C,  Tiimr liable  to  Zero 

0  -35  80 

mV 

vs.  Temperature 

(PC  to  *85:C 

±30 

pV/‘C 

-40'Cto(PC 

±80 

pV/°C 

vs.  Supply  Voltage 

±350 

pV/V 

vs.  Isolated  Supply  Load2 

-35 

pV /mA 

INPUT  BIAS  CURREhTT 

Initial 

&  +25°C 

300 

nA 

vs.  Temperature 

-40!C  to  *85^ 

±400 

nA 

INPUT  DIFFERENCE  CURRENT 

Initial 

&  +25°C 

±3 

nA 

vs.  Temperature 

-40'C  to  *85%: 

±40 

nA 

INPUT  VOLTAGE  NOISE 

Input  Voltage  Noise 

Frequency  >  10  Hz 

20 

nVTvTIz 

DYNAMIC  RESPONSE.  (2  kU  load) 

Full  Signal  Bandwidth  (-3  dU) 

G  =  1  V/V.  20  V  pk  pk  Signal 

100  120 

kHz 

Transport  Delay41 

2.2 

Slew  Rate 

±  10  V  Output  Sw  ing 

6 

Vips 

Rise  Time 

10%  to  00%.  ±  10  V  Output  Swing 

3 

Mi 
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AD215 


Parainelci 

Conditions 

AD215AY'BY 

Min  Typ  Max 

Units 

DYNAMIC  RESPONSE  (2  kil  load)  Coni. 

Settling  Time 

to  ±0. 10%.  ±  10  V  Output  Swing 

9 

M* 

Overshoot 

1 

% 

Harmonic  Distortion  Components 

@  1  Mil 

80 

dB 

ft  10  Mil 

-65 

dB 

Overload  Recovery  lime 

G  =  1  V/V.  ±  15  V  Drive 

5 

Output  Overload  Recovery  Time 

G>5 

10 

Mi 

RATED  OUTPUT 

Voltage 

Out  Ml  to  Out  LO 

±10 

V 

Current 

2  kil  Load 

±5 

mA 

Max  Capacitive  Load 

500 

PF 

Output  Resistance 

1 

a 

Output  Ripple  and  Nober 

1  MU*  Bandwidth 

10 

mV  pk  pk 

50  kHz  Bandwidth 

2.5 

mV  pk  pk 

ISOLATED  POWER  OUTPUT* 

Voltage 

No  load 

±14.25  ±15  ±17.25 

V 

vs.  I  empetature 

O’C  to  +85!C 

♦20 

mWC 

-40°C  lo  0('C 

♦25 

mV/'C 

Current  at  Rated  Supply  Voltage*  ,J 

±10 

mA 

Regulation 

No  load  to  Full  Load 

90 

rnV.'V 

Line  Regulation 

290 

m  V/V 

Ripple 

1  MM*  Bandwidth.  No  load' 

50 

mV  mis 

POWER  SUPPLY 

Supply  Voltage 

Rated  Performance 

±14.5  ±15  ±16.5 

Vdc 

Operating111 

±14.25  ±17 

Vdc 

Current 

Operating  (+ 15  V  d cl- 1 5  V  dc  Supplies) 

+44V  IB 

ntA 

TEMPERATURE  RANGE 

Rated  Performance 

40  i&5 

■>c 

Storage 

-40  +85 

■>c 

NOTES 

•IlK  ruugt-  d  thcr  AD215  b  spccifUd  tom  1  to  10  V/V  The  AD21S  un  aha  be  mod  with  gwr&  of  up  to  100  V7V.  VA  lilt  a  gain  of  1(K1  V.'V  k  21)%  rKhirnoo  in  the- 
-3  dB  lord*  kith  sfwt  iflcailun  occurt  and  die  nontnaarU}  <kgud<*  to  ±(1.02%  typical. 

"When  the  ivuUtod  supply  load  eucctifc  ±1  mA,  ««tcfiul  niter  capacitor*  are  required  uri  cede*  to  ensure  tfeat  the  giin.  uffwi.  and  nanllnrarwy  spcirifkadans  are  (re 
**iv>d  and  lo  maintain  the  Isolated  supply  fell  bad  ripple  brio*  the  sprclfkil  51)  mV  nns.  A  value  d 6.8  pF  Is  retotiiniendtd. 

'Ncfliraartty  a  sfecihod  as  a  percent  (of  full  scale  range)  delation  tom  a  best  straight  lne. 

'Tl»e  ksotakin  lurrtor  (and  ranrg)  of  every  AD215  Is  100%  tested  In  prediction  using  a  5  second  partial  dbcharp  test  with  a  failure  dctectlcn  threslmld  of  150  pC  All 
*B*  grade  devices  are  tested  with  a  minimum  voltage-  of  1  tUO  V  nns.  Al  *A"  grade  devices  are  tested  with  a  mtniniuat  voltage  d  850  V  ms 

*Tlie  AD215  siiookl  be  alkmeil  to  warm  up  for  affronautety  10  minutes  befoec-  any  gam  andmr  effwt  adjustments  are  made 

'Eryjlvalent  to  a  0.8  degrees  pliasw  shift. 

•Wltli  the  ±15  Vdc  powvr  supply  plris  bypassed  by  2.2  pF  capacitors  at  the- AD215  pH*. 

‘Caution:  Thu  A02 15  design  does  run  provide  short  circuit  protection  of  its  belaud  power  supply.  A  current  limiting  resbaor  asiy  be  placed  In  series  with  die  belaud 
power  terminals  and  the  kwd  In  order  to  protect  the  supply  against  Inadvertent  shorts. 

■With  an  Input  power  supply  voltage  greater  than  nr  equal  ±  15  V  dc.  the  AD215  may  supply  up  to  ±  15  as  A  from  die  isolated  power  supplies 
"Vcfcage*  Uvs  than  14.25  V  dc  auiy  cause  the  AD2IS  to  cetttt  oparatirg  properly.  Voltages  greater  then  ±17.5  V  dr  may  darruge  tto  Internal  romponents  of  the 
AD2I5  and  consequently  should  not  be  used 
Specification*  subject  to  charge-  without  nodee 


CAUTION _ 

ESD  (f-lfLiruslulu  discharge)  sensitive  device.  Elect nalifttic  charges  as  high  .»  4000  V  readily 
accumulate  on  (lie*  human  bcxly  and  (n(  rtfuipmeiil  and  can  discharge  without  defection. 
Although  live  AD215  Icalutes  proprietary  ESD  protection  circuitry,  permanent  damage  may 
occur  on  devices  subjected  to  high  energy  elect ruslatic  dischargers.  Tliefet’oie.  piupet  ESD 
pfecaultons  ate  recxirnniciKled  to  avuid  perfonnance  degiadaliun  or  loss  ut  functionality. 


WARNING!  ^<] 

esn  sensitive  DevKrt 
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NATIONAL  SEMICONDUCTOR  QUAD  2-INPUT  OR  GATE 


& 


National 


Semiconductor 


February  1 988 


CD4071BM/CD4071BC 

Quad  2-Input  OR  Buffered  B  Series  Gate 

CD4081 BM/CD4081 BC 

Quad  2-Input  AND  Buffered  B  Series  Gate 


General  Description 

These  quad  gates  are  monolithic  complementary  MOS 
(CMOS)  integrated  circuits  constructed  with  N-  and  P-chan- 
nel  enhancement  mode  transistors.  They  have  equal  source 
and  sink  current  capabilities  and  conform  to  standard  B  se¬ 
ries  output  drive.  The  devices  also  have  buffered  outputs 
which  improve  transfer  characteristics  by  providing  very 
high  gain. 

All  inputs  protected  against  static  discharge  with  diodes  to 
Vdd  and  vss- 


Features 

■  Low  power  TTL  Fan  out  of  2  driving  74L 

compatibility  or  1  driving  74LS 

■  5V-10V-15V  parametric  ratings 

■  Symmetrical  output  characteristics 

■  Maximum  input  leakage  1  jiA  at  1 5V  over  full  tempera¬ 
ture  range 


Connection  Diagrams 


CD4071B  Dual-ln-Line  Package 


vss 
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Absolute  Maximum  Ratings  (Notes  i  &  2) 

If  Military/Aerospace  specified  devices  are  required,  Lead  Temperature  (T l) 

please  contact  the  National  Semiconductor  Sales  (Soldering.  10  seconds) 

Office/Distributors  for  availability  and  specifications. 

voltage  at  Any  Pin  -osvto  vqo  t  o  5v  Operating  Conditions 

Power  Dissipation  (Pq)  Operating  Range  (Vdd) 

Dual-ln-Line  700  mW  Operating  Temperature  Range  (T a) 

Small  Outline  500  mW  CD40718M,  CD4081BM 

Vqd  Range  -0.5Vocto  +  18Vqc  CD4071BC,  CD4081BC 

Storage  Temperature  (Ts)  -  65’C  to  + 1 50"C 

DC  Electrical  Characteristics  cD407iBM/co408iBU(Note2) 

260-C 

3  Vdc  to  15  Voc 

-55*CtO  +125“C 
—  40*Cto  +85°C 

Symbol 

Parameter 

Conditions 

-55'C 

+  25C 

+  125’C 

Units 

Min 

Max 

Min 

Typ 

Max 

Min 

Max 

Idd 

Quiescent  Device 

VDD  -  5V 

0.25 

0.004 

0.25 

7.5 

MA 

Current 

V0o  -  10V 

0.50 

0.005 

0.50 

15 

H- A 

v00  -  15V 

1.0 

0  006 

1.0 

30 

mA 

Vol 

Low  Level 

Voo  -  5V  ] 

0.05 

0 

0.05 

0.05 

V 

Output  Voltage 

VDD  =  10V  f  |I0I  <  1  pA 

0.05 

0 

0.05 

0.05 

V 

V0D  =  15V  J 

0.05 

0 

0.05 

0.05 

V 

VOH 

High  Level 

> 

to 

1 

Q 

Q 

> 

4.95 

4.95 

5 

4.95 

V 

Output  Voltage 

VDD  -  10V  f  |lol  <  1  pA 

9.95 

9.95 

10 

9.95 

V 

VDD  -  15V  J 

14.95 

14.95 

15 

14.95 

V 

V|L 

Low  Level 

Vdd  *  5V,V0  -  0.5V 

1.5 

2 

1.5 

1.5 

V 

Input  Voltage 

Vdd  -  10V.  Vo  -  l.ov 

3.0 

4 

3.0 

3.0 

V 

Vdd  —  15V.  v0  -  1.5V 

4.0 

6 

4.0 

4.0 

V 

V|H 

High  Level 

Vod  -  5V.V0  =  4.5V 

3.5 

3.5 

3 

3.5 

V 

Input  Voltage 

Vdd  -  lov,  v0  ►  9.ov 

7.0 

7.0 

6 

7.0 

V 

VDD  -  15V,  Vo  -  13.5V 

11.0 

11.0 

9 

11.0 

V 

'OL 

Low  Level  Output 

Vod -5V,  v0  =  0.4V 

0.64 

0.51 

0.88 

0.36 

mA 

Current 

vDd  ’  iov,  v0  -  o.5V 

1.6 

1.3 

2.25 

0.9 

mA 

(Note  3) 

Vod  -  15V,  v0  -  1.5V 

4.2 

3.4 

8.8 

2.4 

mA 

k)H 

High  Level  Output 

Vdd  -  5V,  V0  =  4.6V 

-0.64 

-0.51 

-0.88 

-0.36 

mA 

Current 

Vdd  -  iov,  v0  -  9.5V 

-1.6 

-1.3 

-2.25 

-0.9 

mA 

(Note  3) 

Vdd  -  15V,  v0  -  13.5V 

-4.2 

-3.4 

8.8 

-2.4 

mA 

l|N 

Input  Current 

Vqd  -  15V,  V|N  -  0V 

-0.10 

-10-5 

-0.10 

-1.0 

jiA 

VDD  -  15V.  Vim  -  15V 

0.10 

m 

1 

O 

T— 

0.10 

1.0 

MA 

Note  1:  ‘  Absolve  Maximum  Ratings  aro  thoso  values  beyond  which  the  saloty  of  the  davico  cannot  bo  guaranteed  Fxccpt  tor  Oporafeng  Temparaturo  Range" 

they  are  not  meant  to  imply  that  the  dances  should  be  operated  at  these  imits  The  table  ol  "Electrical  Characteristics”  provides  oondoons  lor  actual  device 

operation 

Note  2:  All  voltages  measured  with  respect  to  V$$  unless  otherwise  specified. 

Not*  &  Iqh  and  *01  aro  lw>»d  one  output  at  a  bmo 
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Physical  Dimensions  inches  (millimeters) 

0.785 


Order  Number  CD4071BMJ,  CD4071BCJ 
CD4081BMJ  or  CD4081BCJ 
NS  Package  Number  J14A 
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APPENDIX  B.  MATLAB  CODE 


A.  BUCK  CONVERTER 


The  following  MATLAB  m-files  were  utilized  in  the  design  of  the  buck  chopper. 


1.  MATLAB  M-file  (BUCK_closeloop_bessel.m) 


This  m-file  is  used  to  determine  gains,  required  control  circuit  resistance,  open 
and  closed-loop  transfer  functions,  and  various  plots. 

%  BUCK_closeloop_bessel.m 

% 

%  Specifications: 

%  100 A  IGBT's 

%  Stable  and  continuous  operation  between  10%  and  100%  load 

% 

%  This  program  calculates  the  required  gains  of  the 
%  control  circuitry  and  evaluates  the  open  and  closed- 
%  loop  transfer  function  of  the  buck  chopper.  User 
%  inputs  desired  load  resistance  and  program  calculates 
%  required  gains,  resistor  components,  step  responses,  and 
%  bode  plots. 

% 

%  Written  by;  Brad  L.  Stallings  12-18-2000 
%  Last  mod:  April  2001 

clear 

format  long 
format  compact 

%  Constants  defined 

R=input('Input  Load  resistance ') 

T=  1/20000;  %  switching  time 

E=500  %  input  voltage 
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d=400/E 

L=le-3 

C=500e-6 

w=2*pi*500; 


%  duty  cycle 
%  output  inductor  size 
%  output  capacitor  size 
%  control  bandwidth 


%  Desired  pole  specification  (bessel) 


poles=w*[-0.7455+j*0.7112,-0.7455-j*0.71 12,-0.9420] 
S=poly(poles)  %  polynomial  equation 

S 1 =S  ( 1 ) ;  %  coefficient  one 

S2=S(2);  %  coefficient  two 

S3=S(3);  %  coefficient  three 

S4=S(4);  %  coefficient  four 


%  Gain  calculations 


hi=L/E*(S(2)-l/(R*C))  %  current  gain 

hv=((L*C)/E)*(S(3)-  1/(L*C))  %  voltage  gain 

hn=(S(4)*L*C)/E  %  integral  gain 

%  Solve  for  unknown  resistor  values  for  control  circuit. 


R101=10000 

%  ohm  see  Figure  (5-7) 

R102B= 10000 

%  ohm 

R102C= 10000 

%  ohm 

R 106= 10000 

%  ohm 

R108=10000 

%  ohm 

R 109= 10000 

%  ohm 

R1 10=10000 

%  ohm 

R112G=  10000 

%  ohm 

C107=0.1e-6 

%  0.1  micro  farad 

R113B=150000 

%  ohm 

R1 14=(50*R1 13B)*hi 

%  ohm 

R1 13C=(R1 1 4)/(  1 000*C  1 07  *R  1 06*hn) 

%  ohm 

r=1000*hv; 

rl=(Rl  13B*R1 13C)/(R1 13B+R1 13C); 

R1 12=((rl+Rl  14)*R1 12G)/(hv*1000*rl)-Rl  12G  %  ohm 
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%  This  section  calculates  the  Transfer  functions  of  Buck 
%  Converter  (both  open  and  closed-loop  and  displays  various  plots. 

bl=l/(R*C);  %bl,b2,b3  defined 

b2=E/(L*C); 
b3=l/(L*C); 
nl=[b2*hv,b2*hn]; 
dl=[  1  ,b  1  +E/L*hi,b3+b2*hv,b2*hn] ; 
roots_l=roots(dl) 
sys=tf(nl,dl); 

figure  (1) 
step(sys,.0055); 

M=step(sys,.0055);  %  step  response  for  closed-loop 

figure  (2) 

bode(sys);  %  bode  plot  closed-loop 

OSl=max(M)  %  Overshoot  Calculation 

Percent_0  vershoot  1 =((OS  1  - 1 )/( 1 ))  *  1 00 

%  Function  to  verify  poles  obtained  with  the  gains 
%  computed  match  desired  poles 


%  numerator  terms  closed-loop 
%  denominator  terms  closed-loop 
%  roots  of  denominator  closed-loop 
%  transfer  function  closed-loop 


Am=[0  -1/L  E/L;l/C  -1/(R*C)  0;  -hv/C  (hi/L)+(hv/(R*C))-hn  -hi*E/L] 
closed_loop_poles=eig(Am)  %  verifies  correct  poles 

%The  following  code  examines  the  open-loop  response 


n2=[b2*hv,b2*hn] ; 
d2=[  1  ,b  1  +E/L*hi,b3 ,0] ; 
roots_2=roots(d2) 
sysopen=tf(n2,d2) 


%  numerator  terms  open-loop 
%  denominator  terms  open-loop 
%  roots  of  denominator  open-loop 
%  transfer  function  open-loop 


figure  (3) 

bode(sysopen,  { 1 , 1  e6 } ) ;  %  bode  plot  open-loop 
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2. 


MATLAB  M-file  (Inductance.m) 


%  Inductance.m 

% 

%  Specifications: 

%  Stable/continuous  operation  between  10%  and  100%  load 

% 

%  This  program  calculates  the  required  inductance  for  the  buck  chopper 
%  power  section. 

% 

%  Written  by;  Brad  L.  Stallings  1 1-11-2000 
%  Last  mod:  December  2000 

clear 

format  long 
format  compact 

%  Inputs  Requested 

R=input('Input  Load  resistance  in  ohms  ') 

T=input('Input  Switching  Time  in  seconds  ') 

E=input('Input  Input  Voltage  in  Volts  ') 

Vout=input('Input  Desired  Output  Voltage  in  Volts  ') 
le=input('Input  Mean  length  of  Magnetic  Path  from  Spec  Sheet  in  cm  ') 

I=input('Input  DC  current  through  Inductor  in  Amps  ') 

L_1000=input('Input  Inductance  in  mH  for  1000  Turns  from  Spec  sheet  ') 
Ae=input('Input  Cross  Sectional  Area  of  Magnetic  Path  in  cm  squared  from  Spec  Sheet  ') 

F=l/T  %  Switching  Frequency  in  hertz 

D=Vout/E  %  Duty  cycle,  dimensionless 

Fcrit=((T*R)/2)*(l-D)  %  Critical  inductance  in  henries 

F=10*Fcrit  %  Desired  inductance  in  henries 

N=1000*(sqrt(F/F_1000))  %  Required  number  of  turns,  dimensionless 

H=(0.4*pi*N*I)/le  %  Magnetizing  force  in  Oersteds 

Bmax=(E/(sqrt(2))*le8*(l-D))/(N*Ae*F*2)  %  Flux  density  in  Gausses 
u=(F*le)/(4*pi*Ae*NA2)*le9  %  Calculated  Permeability 

%(  F  is  in  nanohenries) 
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3. 


MATLAB  M-files  (Cap_l.m,  Cap_2.m  Cap_3.m,  Plott_x.m) 


The  following  detailed  SIMULINK  model  and  four  m-files  were  utilized  to 
investigate  the  output  voltage  and  inductor  current  responses.  The  following  steps  are 
utilized  to  obtain  the  desired  results  and  all  steps  must  be  conducted  in  the  order  listed: 

•  user  defines  the  test  capacitor  size  in  the  Cap_l.m  file, 

•  execute  Cap_l.m  file, 

•  execute  detailed  model, 

•  execute  Cap_2.m  file, 

•  execute  detailed  model, 

•  execute  Cap_3-m  file, 

•  execute  detailed  model, 

•  execute  Plott_x.m. 

To  access  the  files  above,  go  under  desktop  "Thesis"  and  then  to  MATLAB  files. 
This  project  performed  several  runs  for  a  multitude  of  capacitor  values.  Chapter  IE 
offered  only  two  runs  in  order  to  give  the  user  a  visual  on  how  the  value  of  the  output 
capacitance  can  greatly  influence  system  performance.  A  time  step  of  IE-6  must  be 
selected  in  order  to  portray  information  accurately. 
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Figure  B-l,  SIMULINK  Detailed  Model  of  Buck  Converter. 
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a. 


MATLAB  M-file  (Cap_l.m) 


%  Cap_l.m 

% 

%  M-files  Cap_l.m,  Cap_2.m,  and  Cap_3-m  were  written  to  calculate 
%  required  output  capacitance  for  the  SSCM.  The  program  steps  load 
%  resistance  from  10%  to  100%  and  back  to  10%.  Cap_l.m  is  executed 
%  first,  the  integrator  values  that  remain  at  the  end  of  Cap_l.m  are 
%  applied  as  the  initial  conditions  for  Cap_2.m.  The  integrator 
%  values  at  the  end  of  Cap_2.m  are  applied  as  the  initial  conditions 
%  to  the  integrators  to  Cap_3 . m .  After  the  simulation  is  is  complete, 

%  Plott_x.m  is  executed  to  provide  capacitor  voltage  and  inductor 
%  current  plots. 

% 

%  Determining  SSCM  Circuit  Parameters,  8kW  SSCM 

% 

%  Written  by:  Dr.  Bob  Ashton  Naval  Postgraduate  School  and  modified 
%  by  Brad  Stallings 
%  Last  Mod:  March  2001 


clear  all; 

T=  1/20000; 

E=500 

d=400.0/E 

L=le-3 

C=500e-6 

w=2*pi*500; 

rxlow=1.0; 

rxhigh=10.0; 

rxstart=1.0; 

Rn=200.0; 

R=Rn/rx  start 

il=(E*d)/R; 


%  switching  time 
%  input  voltage 
%  duty  cycle 
%  output  inductor  size 
%  output  capacitor  size 
%  control  bandwidth 


%  load  resistance  initial 
%  load  resistance 
%  inductor  current 


%  Desired  pole  specification  (bessel) 

poles=w*[-0.7455+j*0.71 12, -0.7455-j*0.71 12,-0.9420];  %Bessel  pole  locations 
S=poly(poles)  %  polynomial  equation 

S 1 =S  ( 1 ) ;  %  coefficient  one 
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S2=S(2); 

S3=S(3); 

S4=S(4); 


%  coefficient  two 
%  coefficient  three 
%  coefficient  four 


%  Gain  calculations 

hi=L/E*(S(2)-l/(R*C))  %  current  gain 

hv=((L*C)/E)*(S(3)-  1/(L*C))  %  voltage  gain 

hn=(S(4)*L*C)/E  %  integral  gain 

%  Function  to  verify  poles  obtained  with  gains,  match  the 
%  desired  poles. 

Am=[0  -1/L  E/L 

1/C  -1/(R*C)  0 

(-hv/C+hi/R/C)  (hi/L+hv/R/C-hi/R/R/C-hn)  (-hi -E/L)]; 


syspole  =  eig(Am)/2/pi 

%  check  for  correct  poles 

vcsd=d*E; 

%  desired  SSCM  output  voltage 

vciv=0.0; 

%  initial  vcs  integrator  value 

iliv=0.0; 

%  initial  il  integrator  value 

hnintiv=0.0; 

%  initial  hn  integrator  value 

tstart=0.0; 

%  simulation  start  time 

tstop=0.2; 

%  simulation  stop  time 

hnint=0.0; 

%  initial  integrator  value 
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b. 


MATLAB  M-file  (Cap_2.m) 


%  Cap_2.m 

% 

%  Parameter  variation  file  for  step  change  analysis. 

%  New  SSCM  Parameters 

% 

%  Written  by:  Dr.  Bob  Ashton  Naval  Postgraduate  School  and  modified 
%  by  Brad  Stallings 
%  Last  Mod:  April  2001 

R=Rn/rxhigh;  %  load  resistor 

%  Update  initial  conditions  for  integrators  (leave  these  alone). 

vciv=vcs(length(time));  %  new  integrator  initial  condition 
iliv=ils(length(time));  %  new  integrator  initial  condition 

hnintiv=hnint(length(time));  %  new  integrator  initial  condition 

%  Concatenate  paramaters  (leave  these  alone). 

timen=[timen'  time']'; 
vcsn=[vcsn'  vcs']'; 
ilsn=[ilsn'  ils']'; 

%  New  simulation  start  and  stop  times  (change  as  desired). 

tstart=tstop;  %  new  start  time 

tstop=tstop  +  0.03;  %  new  stop  time 
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c. 


MATLAB  M-file  (Cap_3.m) 


%  Cap_3.m 

% 

%  Parameter  variation  file  for  step  change  analysis. 

% 

%  Written  by:  Dr.  Bob  Ashton  Naval  Postgraduate  School  and  modified 
%  by  Brad  Stallings 
%  Last  Mod:  April  2001 

R=Rn*rxlow;  %  change  load  resistance 

%  Update  initial  conditions  for  integrators  (leave  these  alone). 

vciv=vcs(length(time));  %  new  integrator  initial  conditions 

iliv=ils(length(time));  %  new  integrator  initial  conditions 

%  Concatenate  parameters  (leave  these  alone). 

timen=[timen'  time']'; 
vcsn=[vcsn'  vcs']'; 
ilsn=[ilsn'  ils']'; 

%  New  simulation  start  and  stop  times  (change  as  desired). 

tstart=tstop;  %  new  start  time 

tstop=tstop  +  0.03;  %  new  stop  time 
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d. 


MATLAB  M-file  (Plott_x.m) 


%  Plott_x.m 

% 

%  Multi-loop  plot  file  for  step  responses. 

%  Run  this  file  after  Cap_l.m,  Cap_2.m,  and  Cap_3-m  are  executed. 

% 

%  Written  by:  Dr  Bob  Ashton,  modified  by  Brad  Stallings 
%  Last  mod:  April  2001 

timen=[timen'  time']; 
vcsn=[vcsn'  vcs'  ]; 
ilsn=[ilsn'  ils']; 
leg=length(timen) ; 
from=  13000; 
subplot(2,l,l); 

plot(timen(from:  leg)  ,ilsn(from:  leg)) ; 
title(’CAPACITOR  VOLTAGE'); 
axis([0.18  0.26  385  415]) 
subplot(2,l,2); 

plot(  timen(from:  leg)  ,ilsn(from:  leg)) ; 
title(TNDUCTOR  CURRENT'); 
axis([0.18  0.26  0  35]) 
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APPENDIX  C.  PARTS  LIST 


A.  BUCK  CHOPPER  PARTS  LIST 

The  table  below  provides  a  list  of  the  major  part  requirements  in  the  dc-dc 
converter. 


Number  Required 

and  Part/Stock 

number 

Manufacturer 

Cost 

Unit  of 

Issue 

Lead  Time 

1-IGBT 

SKM100GB124D 

Semikron 

$177.70 

EA 

4-6  weeks 

1-IGBT  Driver  Board 

SKI- 10/17 

Semikron 

$51.25 

EA 

10  days 

1-60(1  Toroid 

A- 125 112-2 

Group  Arnold 

$127.86 

EA 

7  weeks 

l-147p  Toroid 

A-158304-2 

Group  Arnold 

$175.04 

EA 

7  weeks 

1- 1 8-Pin  PWM  chip 

296-2508-5-ND 

Digikey 

(Verify  it  is  not  surface 

mounted) 

$5.28 

EA 

6  weeks 

2-CLN-50  Current 

Sensor  CLN-50 

Allied  Electronics  Inc. 

(Made  by  F.W.  Bell) 

$28.00 

EA 

10  weeks 

2-Capacitor 

(1000|lF/450V) 

CGH102T450V3L 

Newark 

$43.08 

EA 

2  weeks 

2-Capacitor 

(1000|lF/350V) 

857-0310 

Allied  Electronics  Inc. 

(Made  by  Mallory 

$19.41 

EA 

10  weeks 

2-Iso- Amplifier 

(AD-215)  630-8042 

Allied  Electronics  Inc. 

(Made  by  Analog  Device) 

$99.81 

EA 

10  weeks 
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Number  Required 

and  Part/Stock 

number 

Manufacturer 

Cost 

Unit  of 

Issue 

Lead  Time 

1-Low  Power  AC-DC 

Switches  92F5324 

Newark 

$50.00 

EA 

2  weeks 

1-Rack  Mount  Chassis 

(17"xl9"xl0.5") 

90F6954 

Newark 

$92.26 

EA 

2  weeks 

B.  CONTROL  CARD  PARTS  LIST 


Part 

Description/V  alue 

Number  Required 

Resistor 

lOkO* 

9 

Resistor 

55kO 

1 

Resistor 

4.7kO 

1 

Resistor 

150kO 

1 

Resistor 

20kO 

1 

Zener  Diode 

1N827  or  1N5234/6.2V 

2 

Capacitor 

0.1  (iF  (50Vdc) 

3 

Op-Amp 

LF347  quad  op-amp 

1 

Jumper 

Wire 

1 

*  All  resistors  are  1/4  watt 
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c. 


PROTECTION  CIRCUITRY  PARTS  LIST 


Part 

Descrip  tion/V  alue 

Number  Required 

Resistor 

4.7m  * 

1 

Resistor 

lOkQ 

8 

Resistor 

27k^ 

1 

Resistor 

lOOkO 

1 

Resistor 

20kQ 

1 

Resistor 

30kQ 

3 

Resistor 

lOOkO 

1 

Resistor 

3000 

1 

Resistor 

4.3kO 

1 

Capacitor 

0.47 pF  (50Vdc) 

1 

Capacitor 

0.1  (IF  (50Vdc) 

5 

Capacitor 

l.OpF  (50Vdc) 

1 

Capacitor/electrolytic 

10.0(lF  (25Vdc) 

1 

Gate 

CD4071/quad  OR  gate 

1 

OP-Amp 

MC1458 

1 

Transistor 

2N2222A 

3 

*  All  resistors  are  1/4  watt 


163 


D.  PWM  CIRCUIT  PARTS  LIST 


Part 

Descrip  tion/V  alue 

Number  Required 

Resistor 

470^  * 

1 

Resistor 

4.7m 

1 

Resistor 

i.8m 

1 

Resistor 

9.im 

1 

Resistor 

27m 

1 

Resistor 

13m 

1 

Resistor 

5.6m 

1 

Capacitor 

0.047 (iF  (50Vdc) 

1 

Capacitor 

0.47 pF  (50Vdc) 

2 

Capacitor 

0.1  (IF  (50Vdc) 

2 

Capacitor 

2200pF  (50Vdc) 

1 

Capacitor 

l.OpF  (50Vdc) 

1 

Capacitor 

0.22pF  (50Vdc) 

1 

Zener  Diode 

1N5240B/10V 

2 

Diode 

1N4148 

2 

PWM  Chip 

UC3637  or  UC1637 

1 

*  All  resistors  are  1/4  watt 
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E.  POWER  SUPPLIES 


Part 

Descrip  tion/V  alue 

Number  Required 

Capacitor  (electrolytic) 

2200  pF  (50Vdc) 

4 

Capacitor  (ceramic) 

0.1  |lF,  (25Vdc) 

2 

Diode  (line  frequency) 

1N4003 

4 

Voltage  regulator 

LM  7815  (+15V) 

1 

Voltage  regulator 

LM  7915  (-15V) 

1 

Transformer 

36  Vet,  lAmp 

1 

F.  VOLTAGE  SENSING  CIRCUIT 


Part 

Descrip  tion/V  alue 

Number  Required 

Resistor 

2.7kQ,  2W 

2 

Zener  Diode 

1N5240B/10V 

2 

G.  CURRENT  SENSOR  BOARDS  PARTS  LIST 


Part 

Descrip  tion/V  alue 

Number  Required 

Resistor 

200Q,  1/4W 

2 

Current  sensor 

CL-50 

2 

Twisted  pair  wire 

yellow/  -15V 

2 

brown/ground 

8 

orange/output 

2 

red/+15V 

2 
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H.  BUFFER  STAGE 


Part 

Description/V  alue 

Number  Required 

Resistor 

3.6kQ,  1/4W 

4 

Capacitor 

2200pF  (50Vdc) 

4 

Capacitor 

0.1  pF  (50Vdc) 

2 

Op-Amp 

LF324/quad  op-amp 

1 

Jumper 

wire 

1 

I.  FRONT/REAR  PANEL  PARTS  LIST 


Part 

Descrip  tion/V  alue 

Number  Required 

Fuse  Holder 

125V-3A 

1 

Fuse  Holder 

600V-30A 

1 

Fan  Cover 

4.7"  Globe  Accessories 

2 

Range  Plug 

250V-30A 

1 

Plug  Male 

115V-1A 

1 

Front  Panel  Meters 

20V/2mA 

2 

Light  Emitting  Diode 

1mA 

4 

BNC  Connectors 

750 

5 

Potentiometer 

1-kO 

1 

J.  MISCELLANEOUS 


Part 

Descrip  tion/V  alue 

Number  Required 

Power  Supply 

(For  digital  meters) 

5V  Part  #(48818) 

manufacturer  (KEPCO) 

1 

Thermistor  Switch 

70°C/15V  Part  #(317-1019- 

ND)  from  Digikey 

1 
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APPENDIX  D.  EASYTRAX  LAYOUTS/DATA 


A.  ANALOG  CONTROLLER  PRINTED  CIRCUIT  BOARD  DATA 


This  section  is  divided  into  a  component  parts  listing,  an  EASYTRAX  PCB 
netlist,  and  a  Printed  Circuit  Board  (PCB)  and  sensor  board  component  overlay. 


1.  Component  List  Main  PCB  Board 


Q3 

RJ204 

D317 

R316A 

U5 

TO-39 

AXIAL0.4 

DIODEO.4 

AXIAL0.4 

DIP14 

4071 

Q2 

U8P 

D301 

R316B 

TO-39 

TO-220 

DIODEO.4 

AXIAL0.4 

U2 

DIP14 

Qi 

U9N 

D311 

R702 

LM324 

TO-39 

TO-220 

DIODEO.4 

AXIAL0.4 

U7 

R208Z 

C803A 

C702 

R704 

DIP8 

AXIAL0.3 

RAD0.2 

RAD0.2 

AXIAL0.4 

LM311 

DA201 

C316 

C317 

R313G 

U3 

DIODEO.4 

RAD0.2 

RAD0.2 

AXIAL0.4 

DIP18 

UC3637 

DA101 

C501 

C302 

R511Q 

DIODEO.4 

RAD0.2 

RAD0.2 

AXIAL0.4 

C604 

RAD0.2 

RA201 

R505 

C311 

D902B 

AXIAL0.4 

AXIAL0.4 

RAD0.2 

DIODEO.4 

C608 

RAD0.2 

RA101 

R502 

C301 

D801B 

AXIAL0.4 

AXIAL0.4 

RAD0.2 

DIODEO.4 

C204 

RAD0.2 

RJ303 

R506 

C313 

D902A 

AXIAL0.4 

AXIAL0.4 

RAD0.2 

DIODEO.4 

C211 

RAD0.2 

J10AC 

R509 

R301 

D801A 

BLOCK4 

AXIAL0.4 

AXIAL0.4 

DIODEO.4 

C104 

RAD0.2 

J9VS 

R501 

R318 

U1 

BLOCK4 

AXIAL0.4 

AXIAL0.4 

DIP14 

LF347 

cm 

RAD0.2 
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C306 

C203 

R114 

R607 

DB15RA/F 

RAD0.2 

RAD0.2 

AXIAL0.4 

AXIAL0.4 

A1VI 

C704 

R110 

R112G 

R603H 

AD215 

RAD0.2 

AXIAL0.4 

AXIAL0.4 

AXIAL0.4 

J3DR 

C708 

R113B 

D106 

R603 

IDC14 

RAD0.2 

AXIAL0.4 

DIODEO.4 

AXIAL0.4 

J4DR 

C514 

R101 

D107 

U6 

BNC2 

RAD0.2 

AXIAL0.4 

DIODEO.4 

DIP8 

SW1 

C305 

R102A 

C107 

C603 

DIP8 

RAD0.2 

AXIAL0.4 

RAD0.2 

RAD0.2 

J5VO 

R212 

R313 

R606 

A2VO 

BNC2 

AXIAL0.4 

AXIAL0.4 

AXIAL0.4 

AD215 

J6VI 

R210 

R106 

R112 

J2FP 

BNC2 

AXIAL0.4 

AXIAL0.4 

AXIAL0.4 

DB15RA/ 

M 

J7IO 

R205 

R113C 

C903B 

BNC2 

AXIAL0.4 

AXIAL0.4 

RB.2/.4 

R504 

AXIAL0.4 

J8IL 

R203 

R102B 

C803B 

BNC2 

AXIAL0.4 

AXIAL0.4 

RB.2/.4 

R503 

AXIAL0.4 

R114Z 

C205 

R109 

C801 

AXIALO.3 

RAD0.2 

AXIAL0.4 

RB.3/.6 

RQ2J2 

AXIAL0.4 

R113 

C212 

RllOG 

C902 

AXIALO.5 

RAD0.2 

AXIAL0.4 

RB.3/.6 

RQ3J2 

AXIAL0.4 

C210 

R108 

C903A 

RAD0.2 

AXIAL0.4 

RAD0.2 

J1CS 
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2.  PCB  Net  List 


NET1 

NET10 

R603H-1 

C211-2 

NET26 

Q3-C 

DA201-K 

U6-8 

Clll-2 

D317-K 

RQ3J2-2 

RA201-1 

A2VO-42 

C704-2 

C317-1 

J9VS-1 

J2FP-12 

C305-2 

R316A-1 

NET2 

A2VO-1 

J2FP-11 

C903B-N 

R316B-1 

Q3-B 

J2FP-3 

C903A-1 

U3-16 

R504-2 

NET11 

J1CS-11 

U6-4 

DA101-A 

J1CS-3 

A2  VO-44 

NET27 

NET3 

RA101-2 

A 1  VI-42 

J1CS-10 

D301-K 

Q2-C 

J9VS-4 

J3DR-9 

J1CS-2 

C301-2 

RQ2J2-2 

A 1  VI-2 

J3DR-8 

A 1  VI-44 

R301-2 

U3-1 

NET4 

NET12 

NET15 

NET20 

Q2-B 

DA101-K 

J10AC-1 

C501-1 

NET28 

R503-2 

RA101-1 

D902A-K 

R501-1 

D311-K 

J9VS-3 

D801A-A 

U5-1 

C311-2 

NET5 

A1VI-1 

J1CS-1 

U3-11 

Ql-C 

NET16 

U3-9 

R603-2 

NET13 

J10AC-4 

NET21 

R113-2 

U6-3 

RJ303-1 

D902B-K 

R505-2 

C603-2 

J3DR-3 

D801B-A 

U5-5 

NET29 

J2FP-15 

C702-2 

NET6 

NET14 

NET17 

R702-2 

Ql-B 

RJ303-2 

RJ204-1 

NET22 

R704-2 

R511Q-1 

RJ204-2 

J2FP-4 

R502-1 

U7-2 

U8P-0 

U5-2 

NET7 

C803A-1 

NET18 

J2FP-6 

NET30 

R208Z-1 

C501-2 

U8P-I 

C302-2 

U2-9 

R506-2 

D801B-K 

NET23 

U3-10 

U2-8 

R301-1 

D801A-K 

R506-1 

U3-8 

U3-12 

Ul-4 

C801-P 

U5-6 

U3-2 

R110-1 

U5-14 

U7-7 

U2-4 

NET19 

NET31 

NET8 

U7-8 

U9N-0 

NET24 

C313-1 

R208Z-2 

U3-6 

C316-2 

R509-1 

R313G-1 

J8IL-1 

C608-1 

R318-2 

U5-9 

U3-13 

C204-1 

R316A-2 

U5-8 

R313-2 

NET9 

C 104-1 

R704-1 

DA201-A 

C306-2 

Ul-11 

NET25 

NET32 

RA201-2 

C708-2 

U2-11 

D317-A 

R318-1 

J9VS-2 

C514-1 

U7-4 

C317-2 

U3-18 

A2VO-2 

R313-1 

U3-5 

U7-3 

C803B-P 

C604-2 

U3-17 
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Figure  D-2,  Current  Sensor  Board  Overlay. 
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APPENDIX  E.  dSPACE  PROCEDURES 


The  SIMULINK  model  is  created  first,  using  the  general  math  blocks  from  the 
SIMULINK  library.  Each  functional  block  will  be  discussed.  The  following  figure 
shows  the  software-only  simulation  structure. 
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Figure  E-l. 
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The  Controller  Average  and  BuckChopperAverage  subsystem  blocks  have  been 
uniquely  derived  and  can  be  found  in  the  SIMULINK  signals  and  systems  library. 
Double-clicking  on  the  subsystem  block  exposes  its  contents.  The  following  figure 
displays  the  Controller  Average  subsystem. 
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Figure  E-2. 


The  input  and  output  bubbles  are  found  in  the  SIMULINK  signals  and  systems 
library.  They  are  used  to  create  the  higher- level  input  and  output  connections.  The 
contents  of  the  BuckChopper Average  subsystem  are  shown  below. 


Figure  E-3. 
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This  is  the  state-space-averaged  mathematical  model  for  the  buck  chopper  and 
utilizes  the  averaged  inductor  current  and  the  averaged  output  capacitor  voltage  as  state 
variables.  The  following  figure  shows  the  same  system  with  a  dSPACE  PWM  output 
block  found  in  the  SIMULINK  dSPACE  library. 
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Figure  E-4. 


This  model  allows  the  evaluation  of  the  PWM  output  waveform  without 
connecting  hardware.  For  further  interfacing,  the  following  models  were  created  to 
connect  hardware  and  software  models  in  dSPACE. 
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Figure  E-5. 


The  ADC  and  DAC  blocks  are  found  in  the  SIMULINK  dSPACE  library.  The 
input  ADC  can  accept  a  signal  ranging  from  0  to  10  volts  from  the  hardware  controller. 
The  dSPACE  ADC  will  automatically  scale  the  signal  by  0.1.  Since  a  0  to  1  volt  input  is 
required  for  the  duty  cycle,  an  additional  scaling  gain  was  not  required.  On  the  output, 
the  dSPACE  ADC  automatically  scales  the  signal  by  10.0.  Hence,  a  0.10  gain  block  was 
added  to  each  output  to  maintain  proper  scaling.  The  other  gain  scaling  blocks  are  due  to 
the  actual  model.  The  numbers  on  each  of  the  ADC/D  AC  blocks  correspond  to  the 
dSPACE  i/o  board.  The  C17  corresponds  to  ADCH17.  The  Cl,  C2,  and  C3  refer  to 
DACH1,  2,  and  3,  respectively,  [see  Reference  Manual  page  91] 
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This  model  connects  a  hardware  buck  chopper  to  a  software  controller.  The 
output  from  the  software  is  a  duty  cycle  to  be  fed  into  a  PWM  chip,  which  is  then  fed  into 
the  hardware  buck  chopper. 


The  model  above  only  differs  from  the  previous  model  in  that  the  PWM  signal  is 
generated  in  software  as  opposed  to  hardware.  As  a  result,  the  output  from  this  model  is 
a  PWM  waveform. 

Once  the  model  was  built  in  SIMULINK,  it  was  necessary  to  transform  the  model 
into  a  dSPACE  readable  file.  First  the  component  values  (used  in  all  previous  models) 
were  entered  in  the  MATLAB  command  window,  as  shown  below. 
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Figure  E-8. 


The  next  step  was  to  compile  the  model  in  SIMULINK.  The  following  figures 
show  the  menu  options  used  to  compile  the  SIMULINK  model. 
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Figure  E-9. 
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The  first  step  is  to  select  the  simulation  menu  and  open  the  parameters  option. 
This  brings  up  the  following  figure. 


Figure  E-10. 


At  this  point  the  user  can  enter  the  simulation  parameters.  A  time  step  of  le-5 
was  selected  (smaller  values  were  not  possible)  and  the  Runge-Kutta  Fixed-step 
algorithm  employed.  Next  the  real-time  workshop  tab  is  selected.  The  following  figure 
is  displayed. 


179 


File  Edit  View  Window  Help 

D  &  SH  S 


i  get  started,  type  one  of  these:  helpuin,  helpdesk,  or  demo. 

*  ■  uislfi 


File  Edit  View  Simulation  Format  Tools 

Q.tfS#  r  • 


i--  ■iIIImB 

I  ffe|  Communications  Blockset 
1  ft!  Control  System  Toolbox 
:  ft  DS.TAUB 
:  ft  DSP  Blockset 
!  ft  Power  System  Blockset 
i  ft;  dSPACE  RTI1103 
]  ft!  Real-TimeWorkshop 
]  ft!  Stateflow 
I  ft!  Simulink  Extras 


M 


Solver]  Workspace  I/O  |  Diagnostics]  Real-TimeWorkshop] 
Code  generation 
System  target  file:  |  rti1103.Ilc 

f  Inline  parameters  _ 

Build  options 

Template  makefile:  |rti1103.tmf 
Make  command:  I  make  rti 
I-  Generate  code  only 


•B 

LoadCurrent 


Figure  E-ll 


The  next  step  is  to  compile  the  SIMULINK  model.  In  this  step  rti  1 103 .tic  is 
entered  for  the  target  file,  rti  11 03 .tint  is  entered  for  the  template  make  file,  and  make  rti 
for  the  make  command.  The  next  step  is  to  click  the  build  button,  bringing  up  the  screen 
contained  in  the  figure  on  the  following  page.  This  screen  shows  the  results  of  the  build 
process. 
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Figure  E-12. 
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Once  the  model  has  been  built  for  dSPACE,  it  needs  to  be  loaded  into  dSPACE. 


The  following  figure  displays  a  dSPACE  window  once  it  has  been  opened. 
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Once  dSPACE  is  open,  it  is  necessary  to  activate  the  navigator.  The  following 
figure  shows  that  this  command  is  located  under  the  view  menu. 
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Figure  E-14. 


Once  the  navigator  has  been  activated,  it  is  necessary  to  click  on  the  Hardware 
tab  to  find  the  file  that  was  built  from  SIMULINK.  The  following  figure  shows  the  file 
highlighted  (BKsyspwm.ppc). 


Figure  E-15. 
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The  file,  which  now  has  a  .ppc  extension  on  it,  must  be  dragged  to  the  dsl  103 
icon.  The  next  figure  is  then  displayed. 


Figure  E-16. 


Answer  this  question  by  clicking  yes.  The  following  figure  displays  the  next 
screen  that  comes  up. 
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Figure  E-17. 


The  navigator  windows  have  been  closed  in  this  figure.  The  model  that  was  built 
will  be  shown  on  the  fourth  tab  at  the  bottom  of  the  white  space.  At  this  point,  it  is  time 
to  either  create  a  layout  file  or  open  an  existing  one.  Initially  the  steps  for  opening  an 
existing  layout  file  will  be  documented.  As  the  next  figure  shows,  the  first  step  to  open 
an  existing  layout  file  is  to  go  to  the  file  menu  and  click  open ,  then  highlight  layout 
selection.  This  will  display  a  list  of  the  layout  files  that  have  been  created.  The  layout 
file  called  BkChSys.lay  was  then  selected. 
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Figure  E-18. 


This  file  was  opened  and  the  following  screen  appeared. 
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Figure  E-19. 


This  layout  screen  shows  four  gauges  and  a  slider.  The  gauges  show  specific 
outputs  and  the  slider  controls  an  input.  In  order  to  make  a  gauge  or  slider  link  to  the 
model,  it  is  necessary  to  drop  the  desired  input/output  onto  the  gauge  or  slider  display. 
The  following  figure  shows  three  gauges  that  have  been  linked  to  the  model. 
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Figure  E-20. 


The  fourth  gauge  will  be  linked  once  the  highlighted  duty  cycle  element  is  placed 
on  the  gauge  itself.  Once  all  the  gauges  and  the  slider  are  linked  to  the  model,  the  screen 
will  appear  as  it  does  in  the  following  figure. 

Now  we  are  ready  to  activate  the  hardware  connection.  Once  the  i/o  board  is 
properly  hooked  up,  the  hardware  connection  needs  to  be  refreshed.  The  following  figure 
shows  that  under  the  hardware  menu,  select  the  initialization  option,  and  then  choose 
refresh  hardware  connection. 
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Figure  E-21. 


Next  it  is  time  to  load  the  application.  The  following  figure  shows  that  the  load 
command  is  under  the  application  submenu  of  the  hardware  menu. 
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Figure  E-22. 


Once  the  Load  Application  has  been  selected,  the  following  screen  will  appear  as 
in  the  figure  below. 
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The  BkSvsPWM.ppc  application  is  selected.  Next,  activate  animation  mode.  This 
is  located  under  the  instrumentation  menu  as  in  the  following  figure. 


Figure  E-24. 


Once  animation  mode  is  selected,  the  hardware  is  energized.  The  following 
figure  shows  the  activated  control  desk. 
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Figure  E-25. 


The  above  figure  shows  the  slider  at  about  73.  This  corresponds  to  a  load 
resistance  of  73  Ohms.  The  duty  cycle  gauge  is  at  0.8,  the  output  voltage  gauge  is  at  400 
Volts,  the  inductor  current  gauge  is  just  over  5  Amps,  and  the  load  current  is  just  over  5 
Amps.  From  this  screen  the  load  resistance  is  adjusted  real-time  by  moving  the  slider  bar 
up  and  down. 

Once  a  particular  simulation  is  completed,  it  is  necessary  to  deactivate  the  desktop 
and  stop  the  real-time  application.  The  following  figure  shows  that  the  edit  mode 
selection  is  under  the  instrumentation  menu. 

After  edit  mode  has  been  selected,  the  hardware  menu  is  accessed,  the  application 
submenu  selected,  and  then  the  stop  real-time  processor  tab  is  picked.  The  figure  that 
follows  the  edit  mode  selection  shows  how  the  processor  is  disabled. 
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Figure  E-26. 


Above  is  Edit  Mode.  Below  is  Stop  Real  Time  Application. 


Figure  E-27 
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The  next  set  of  figures  show  how  to  build  a  layout  from  scratch.  The  first  step  is 
to  open  a  new  file:  select  layout  extension.  The  following  figure  shows  the  menu. 


Once  this  has  been  selected,  the  screen  in  the  following  figure  should  appear. 


Figure  29. 
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Now  it  is  time  to  select  the  control  desk  input  and  output  displays.  First  select  a 
gauge  from  the  right  side  of  the  desktop.  Double-click  on  the  display  desired,  then  move 
the  cursor  to  the  place  on  the  desktop  where  the  left  top  corner  of  the  display  is  desired. 
Next,  click  the  mouse  button  and  then  drag  down  and  to  the  right  to  change  the  size  of  the 
display.  The  following  figure  shows  a  gauge  that  has  been  created  in  the  above  manner. 
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Figure  E-30. 


A  slider  may  be  added  by  following  the  same  procedure  as  for  the  gauge.  The 
following  figure  illustrates  a  slider. 
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Figure  E-31. 


In  order  to  change  the  display  options  for  the  slider  gauge,  the  user  must  double 
click  on  the  slider.  The  following  figure  illustrates  the  options  that  are  displayed  when 
the  slider  is  double-clicked. 


Figure  E-32. 
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Upon  the  completion  of  dSPACE  troubleshooting,  the  dSPACE  model  was 
executed  with  a  hardware  controller  output  load  resistance  of  200  ohms. 


Figure  E-33. 


Next  the  load  resistance  was  set  to  20  Ohms  and  the  model  executed.  The 
following  figure  shows  the  output  on  the  dSPACE  control  desk. 
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Figure  E-34. 


Finally,  the  resistance  was  set  to  40  Ohms  and  the  model  executed.  The  figure  on 
the  following  page  shows  the  dSPACE  results. 
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Figure  E-35. 


The  dSPACE  controller  board  is  fully  described  in  Reference  [24].  When 
hooking  up  dSPACE  to  hardware,  ensure  the  control  signals  are  powered  up  first  then 
power  can  be  applied  to  the  control  circuitry. 

In  summary,  dSPACE  has  facilitated  the  testing  of  a  hardware  controller  prior  to 
the  completion  of  the  buck  chopper  power  section.  A  STMT  II .INK  model  was  created  for 
a  buck  chopper  and  then  compiled  to  run  in  dSPACE.  The  dSPACE  environment  was 
then  entered  and  a  control  desk  created  to  enable  the  control  of  load  resistance  of  our 
model.  Once  the  dSPACE  buck  chopper  was  interfaced  with  the  hardware  controller,  via 
the  dSPACE  i/o  board,  the  stability  of  the  controller  was  accessed.  As  the  above  results 
show,  the  controller  is  stable  between  20  and  200  Ohms  of  load  resistance.  It  outputs  400 
Volts  and  has  an  80%  duty  cycle. 
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